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ABSTRACT 
 
The pursuit of sunlight-to-fuels technology has motivated researchers to explore 
electrocatalysts for the production of chemical fuels like hydrogen.  These efforts have spanned 
both homogeneous and heterogeneous systems.  Molecular electrocatalysts are particularly 
attractive targets of study because their electronic structure can be readily tuned through ligand 
modification, their secondary coordination sphere can be modified to promotes substrate 
stabilization or provide a substrate relay, and mechanistic and kinetic information can be gleaned 
through electrochemical or spectroscopic methods.  Although such molecular species and forms 
of analysis may seem favorable, they are often prone to inherent challenges of electrocatalytic 
systems.  One form of error is introduced when a proton source is supplied to the system.  
Protons are required for the electrocatalytic production of hydrogen; however, an alternative 
pathway, direct acid reduction at the electrode surface, may obscure the catalytic data of interest.  
The decomposition of molecular catalysts under electrocatalytic conditions is another concern.  
Catalysts that undergo degradation may devolve into alternative active species.  Understanding 
and evaluating the mechanism by which these molecular species decompose is crucial for 
designing future electrocatalysts.  Assembling a toolbox for handling these challenges enables 
the application of established work for the development and assessment of additional molecular 
catalysts for hydrogen evolution. 
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Introduction 
 
Homogeneous hydrogen evolution catalysts are often evaluated electrochemically in 
acetonitrile, where an electrode supplies electrons and a Brønsted acid provides protons. 
catalyst + 2e− + 2HA → catalyst + 2A− + H2          (1) 
A possibly serious complication in these studies is direct acid reduction by the electrode at 
potentials that overlap with molecular catalysis (Figure 1.1). 
2HA + 2e− → H2 + 2A
−          (2) 
 
Figure 1.1 Simulated cyclic voltammograms of an EC′ catalytic process in which direct substrate 
reduction (acid reduction) occurs at potentials a) far from catalysis, b) slightly overlapping with 
catalysis, c) strongly overlapping with catalysis, and d) nearly completely overlapping with 
catalysis. Solid gray line indicates that only acid is present while the dotted blue line indicates 
that catalyst and acid are present. Simulated using DigiElch electrochemical simulation software 
(Gamry Instruments); α = 0.5, ks = 10,000 cm/s, kcatalysis = 10,000 M
-1
 s
-1
, [catalyst] = 0.01 M, 
[substrate]0 = 5 M. 
It has been noted that the catalytic currents observed for some catalysts may have 
contributions arising from direct substrate reduction.
1
 As accurate extraction of kinetic data from 
catalytic cyclic voltammograms relies on the observed current;
2
 competing direct reduction 
complicates kinetic analysis. Direct reduction of substrate can also yield cyclic voltammograms 
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(CVs) that mimic prototypical catalytic responses,
3
 especially that of catalysis exhibiting 
substrate depletion,
4
 making it unclear whether the catalyst is responsible for the current 
enhancement. As many hydrogen evolution catalysts operate at fairly cathodic potentials, the 
possibility of direct acid reduction by both relatively strong and relatively weak acids becomes 
an even greater concern. 
These issues are minimized when acid-only controls are run. Surprisingly, acid-only 
cyclic voltammograms are not always reported with catalytic data. The widespread use of glassy 
carbon working electrodes for non-aqueous hydrogen evolving catalysts may provide one reason. 
Glassy carbon is often cited as non-catalytic,
5–7
 incorrectly implying that the direct reduction of 
protons to form hydrogen occurs at such negative potentials as to be inconsequential. While 
glassy carbon indeed reduces acids at more negative potentials than platinum,
8
 reduction 
processes can still occur.  Moreover, when stronger acids are employed, reduction is expected to 
occur at relatively positive potentials.
1
 While aqueous proton reduction has been extensively 
studied on many electrode materials, especially platinum,
9,10
 and remains the subject of active 
research,
10
 little data is available on the reduction of acids in acetonitrile by glassy carbon. One 
report described the use of different electrodes to achieve wider potential windows for acids in 
acetonitrile, but only data for acetic acid was shown.
8
 
Motivated by our interest in molecular electrocatalysts for hydrogen evolution, we were 
interested in better understanding the potential window limits of GC. Accordingly, the goal of 
this work is to establish useful approximate working ranges for common acids in acetonitrile for 
the specific purpose of catalytic hydrogen evolution. Reduction potentials of 20 acids in 
acetonitrile on glassy carbon are reported along with details on the influence of water. 
Results and Discussion 
Reference Electrode 
 Two non-aqueous reference electrodes were tested: 1) a reference electrode in which a 
silver wire was immersed in an acetonitrile solution containing 100 mM [Bu4N][PF6] and 10 mM 
AgNO3; and 2) a pseudo-reference in which a silver wire was immersed in an acetonitrile 
solution containing 100 mM [Bu4N][PF6]. In both cases the silver wire and electrolyte solution 
were contained in a glass tube fitted with a porous Vycor glass frit. Ferrocene was added at the 
end of each measurement set as an absolute reference. Reference electrode 1 was observed to 
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occasionally contaminate the bulk solution with silver ions, as suggested by an oxidation at 
approximately –0.24 V vs. Fc/Fc+.  By comparison to pure silver nitrate, the contamination 
proved to be the stripping of reduced silver off the glassy carbon electrode.  This contamination 
of the bulk solution with silver ions was observed to result in variable reduction potentials for 
some acids. Silver is likely a better catalyst for hydrogen evolution than glassy carbon; as such, 
any silver contamination may shift the acid reduction potential more positive. 
 A Ag/AgCl pseudoreference immersed in an acetonitrile electrolyte solution in a glass 
tube equipped with a porous Vycor frit was not used because silver chloride is somewhat soluble 
in acetonitrile (especially if solution chloride anions are present),
11
 and we wished to avoid the 
possibility of solution contamination by silver ions. Consequently, pseudo-reference electrode 2 
was chosen for acid reduction measurements. Over a thirty minute period the pseudo-reference 
electrode was observed to drift 15 ± 14 mV by monitoring the E1/2 position of the 
ferrocene/ferrocenium couple (0.8 to 1.8 mM ferrocene) in a 100 mM [Bu4N][PF6]  acetonitrile 
solution. While extensive studies were not done, the solute may influence drift rate. 
Electrode Fouling 
 Significant variability between sequential CVs was observed if the glassy carbon working 
electrodes were not polished prior to each scan.   Pyridinium chloride was the clearest example 
(Figure 1.2a). Upon subsequent scans the current density greatly decreased.  It was difficult to 
observe the ferrocene/ferrocenium wave after these scans. Visual examination of the glassy 
carbon electrode post measurement revealed that the surface was coated in a mirror-like yellow 
film. Figure 1.2b and 1.2c show the positive and negative shifts of the reduction current for 
subsequent scans of trifluoroacetic and acetic acid, respectively.  Such variability was minimized 
for most acids when only fresh electrode surfaces were used (see below for exceptions). 
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Figure 1.2 Cyclic voltammograms of three acids in acetonitrile using a glassy carbon electrode 
showing the response of the electrode on subsequent scans. Scan rate = 100 mV/s, 100 mM 
[Bu4N][PF6]. 
Acid Reduction Measurements 
 To avoid electrode fouling, freshly polished and electrochemically pretreated glassy 
carbon electrodes were used for each CV. In a typical experiment, a number of glassy carbon 
electrodes were polished in alumina/water slurries, ultrasonicated, and rinsed with acetone before 
being brought into a nitrogen filled glovebox. Prior to adding acid, each glassy carbon electrode 
was electrochemically pretreated (by cyclically scanning between approximately 0.7 and –2.8 V 
at 100 mV/s three times in 100 mM [Bu4N][PF6] solution), and a background scan recorded in 
the 100 mM [Bu4N][PF6] acetonitrile solution. 
 It was checked if the glassy carbon electrode surface changed over time after 
pretreatment. After pretreatment, a background scan was taken and the electrode was rinsed in 
acetonitrile.  It was then left under nitrogen for two hours before the acquisition of a second 
background scan. Little difference was observed between the two scans. 
 Twenty acids over an approximately 26 pKa unit range plus water were selected for 
measurement. The reduction wave of each acid at 25 mM was independently measured three 
times at 100 mV/s. An additional scan at 1000 mV/s was taken of each acid at 25 mM. 
Representative CVs of each acid at 25 mM for both 100 and 1000 mV/s scan rates were 
recorded. Comparison of the 100 and 1000 mV/s scans revealed that the current response usually 
did not peak in the 1000 mV/s scan as compared to the clear maximums observed at the 100 
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mV/s scan rate. While detailed electrochemical measurements of these acids was not the goal of 
this work, below are general observations. 
 For two acids – benzoic acid and 4-nitroanilinium – the return sweep cathodically crossed 
the forward sweep. For benzoic acid this curve crossing was more pronounced at higher 
concentrations and less distinct at faster scan rates. 4-nitroanilinium also displayed curve 
crossing; however, at higher scan rates the crossing did not appear to decrease. 
 Anilinium, benzoic acid, 4-methoxyanilinium, and 4-cyanoanilinium reproducibly 
showed cathodic current peaks preceding the main reduction. Figure 1.3 shows the current 
response of 4-cyanoanilinium at 100 and 1000 mV/s – at 1000 mV/s the prewave increased 
proportionally more relative to the main reduction. Upon repeating the 100 mV/s scan, without 
polishing, the prewave vanished. No prewave is seen in a literature example for a solution of 10 
mM 4-cyanoanilinium,
12
 suggesting the presence of prewaves may highly depend on small 
variations of the glassy carbon electrode surface. However, a concentration dependence study of 
4-cyanoanilinium revealed a lack of a prewave at 5 and 10 mM but an appearance of the prewave 
at 25 mM. 
 
Figure 1.3 Cyclic voltammograms of 25 mM 4-cyanoanilinium (100 mM [Bu4N][PF6] 
acetonitrile solution) at 100 and 1000 mV/s showing the presence of a prewave on the forward 
sweep. 
 For every acid, measurements at 100 mV/s and 25 mM were made with two separate 
glassy carbon electrodes and compared. In most cases the only noticeable difference was 
variation in peak currents, however, seven of the acids containing aromatic groups – 4-
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bromoanilinium, 4-chloroanilinium, 4-tertbutylanilinium, anilinium, N,N-dimethylanilinium, 4-
methoxyanilinium, and p-toluenesulfonic acid monohydrate – showed substantially dissimilar 
CVs taken immediately after one another using only freshly prepared glassy carbon electrodes. 
Figure 1.4 shows one representative example for 4-chloroanilinium where the wave shape and 
wave position changed dramatically. To check whether or not this acid was particularly sensitive 
to changing electrode surfaces, both electrodes were removed, repolished and re-pretreated.  
Following acquisitions of two new scans in the same solution, also shown in Figure 1.4, revealed 
that while neither scan resembled the prior scans in location or peak current, both traced each 
other very closely. Repeating this measurement yielded highly variable wave shapes and 
positions but did not confirm that the final scans taken after a later time overlaid as shown in 
Figure 1.4.  
 
Figure 1.4 Cyclic voltammograms (100 mV/s) of 25 mM 4-chloroanilinium in a 100 mM 
[Bu4N][PF6] acetonitrile solution using two different glassy carbon working electrodes (w.e. 1 
and w.e. 2). Scan number indicates the total number of scans taken total. 
Reduction Potentials 
 As shown in Figure 1.5, reduction values were calculated by taking the derivative of the 
forward scan for each acid at 25 mM and identifying the maximum of this derivative as the 
irreversible reduction potential inflection point, Einf.. 
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Figure 1.5. Cyclic voltammogram of 25 mM acetic acid at 100 mV/s in 100 mM [Bu4N][PF6] 
acetonitrile solution and the first derivative of the forward trace. The dashed vertical line denotes 
the inflection point potential. 
 Table 1.1 summarizes the inflection reduction potential Einf. for each acid studied as the 
average of three independent scans measured at 100 mV/s. Values of Einf. for the various acids 
spanned most of the cathodic solvent window, ranging from –0.65 to –2.60 V vs. Fc/Fc+. While 
the standard deviation was typically on the order of tens of millivolts, 4-chloroanilinium, 
dimethylformamidium, and p-toluenesulfonic acid showed greater than 100 mV standard 
deviation. Dimethylformamidium was particularly inconsistent – measurements taken within a 
few hours with identical solvent and materials sources yielded values differing by over 600 mV. 
At room temperature, 
1
H NMR dimethylformamidium was not observed to react with deuterated 
acetonitrile. Table 1.1 also details which acids were found to be variable (e.g., yield 
irreproducible CVs scan to scan; see Figure 1.4 and associated discussion above), show curve 
crossing on the return scan, or to have a distinct prewave. 
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Table 1.1 Average acid reduction potentials vs. Fc/Fc
+
 
in 0.1 M [Bu4N][PF6] CH3CN on GC at 25 mM and 100 
mV/s. CVs were ohmic drop corrected prior to Einf. 
determination. 
Acid Einf. (V)
a
 notes
b
 
Water not obs.  
Phenol -2.60 ± 0.06 
 
Acetic -2.36 ± 0.05 
 
triethylammonium -2.29 ± 0.02 
 
Benzoic -2.25 ± 0.02 c.c.; pw. 
4-cyanoanilinium -2.06 ± 0.02  
dimethylformamidium -2.00 ± 0.34 var. 
4-methoxyanilinium -1.95 ± 0.08 pw.; var. 
Salicylic -1.94 ± 0.06 
 
N,N-dimethylanilinium -1.90 ± 0.06 var. 
4-chloroanilinium -1.86 ± 0.11 var. 
Anilinium -1.83 ± 0.07 pw.; var. 
4-bromoanilinium -1.83 ± 0.06 var. 
4-tert-butylanilinium -1.83 ± 0.05 var. 
Trifluoroacetic -1.81 ± 0.03 
 
Pyridinium -1.77 ± 0.09 
 
p-toluenesulfonic -1.76 ± 0.15 var. 
Trichloroacetic -1.56 ± 0.02 
 
2-nitrophenol -1.24 ± 0.02 c.c. 
Trifluoromethanesulfonic -1.06 ± 0.02 
 
4-nitroanilinium -0.65 ± 0.02 c.c. 
a
Provided value given as the average of three 
independent measurements, except for 
dimethylformamidium, for which eight measurements 
are averaged. Error given as ± one standard deviation. A 
minimum standard deviation of 0.02 V is given based on 
the observed drift of the pseudoreference in a half hour 
period.  
b
Acids displaying curve crossing on the return 
scan are denoted c.c., pw. designates acids showing 
cathodic prewaves, and var. indicates acids which 
showed significantly different CVs in the same solution 
with two different glassy carbon electrodes. 
 
 Since the surface chemistry, and hence electrochemical response, of glassy carbon is 
complex,
13
 it was checked whether electrodes from an another supplier could yield different Einf. 
values. Consequently, in addition to the Einf. value reported in Table 1.1 for benzoic acid found 
using CHI electrodes (3 mm diameter), benzoic acid was analyzed additionally with electrodes 
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from two other suppliers (eDAQ, 1 mm diameter GC electrode and BASI, 3 mm diameter GC 
electrode) using identical procedures. The eDAQ electrodes yielded an Einf. of –2.27 ± 0.02 V 
and the BASi electrode gave an Einf. of –2.27 ± 0.02 V, which is similar to the –2.25 ± 0.02 V 
value determined using the CHI electrodes. This suggests that small variations between different 
glassy carbon electrodes can result in slightly different values, however, the values reported here 
should still serve as useful approximate values. 
Discussion 
Homoconjugation 
Due to the weak cation and even weaker anion solvating ability of acetonitrile, 
dissociated species can gain additional stability by forming homoconjugated complexes with the 
parent compound.
14,15
 In the prototypical example, acid HA dissociates in solvent S to form 
solvated H
+
 (by solvent or HA) and A
-
, followed by association of A
-
 with HA to form the 
hydrogen-bonded homoconjugation complex [A ⋯ HA]−. 
HA + S ⇌ H+S + A− or  2HA ⇌ H2A
+ + A−    (3) 
A− + HA ⇌ [A ⋯ HA]−    (4) 
Homoconjugation can consequently increase the apparent acidity of the parent acid by displacing 
the equilibrium towards deprotonation at the expense of reducing the overall concentration of 
free HA. 
As homoconjugation can complicate electrochemical studies of hydrogen evolving 
catalysts and result in multiple catalytic cyclic voltammetric waves,
16
 it is desirable to know at 
which concentrations homoconjugation is less influential. It is not feasible to generally comment 
at which concentrations homoconjugation becomes less appreciable for all acids, but a value of 
0.001 N (0.001 M effective acidic proton concentration) was proposed.
17
 A parameter κ was 
recently suggested to provide a more specific estimate for the extent of homoconjugation:
16
 
𝜅 = 𝐾fC0          (5) 
where C0 is the total acid concentration and Kf is the formation constant of the homoconjugation 
complex:  
11 
 
 
𝐾f =
[[A ⋯ HA]−]
[A−][HA]
          (6) 
For κ ›› 1, the acid completely homoconjugates; for κ ‹‹ 1, the acid does not appreciably 
homoconjugate. For example, an acid with log(Kf) = 2.0 (Kf = 100) has a κ equal to 10 when 
[acid]total = 0.1 M. As most catalytic studies use acid concentrations between 0.01 and 1 M, 
homoconjugation is almost certainly always occurring in measurements that utilize 
homoconjugating acids. 
Homoconjugation is expected to influence acid electroreduction. If the acid is reduced to 
hydrogen, an equivalent of the conjugate base is formed and the concentration of conjugate base 
will rapidly increase near the electrode surface, engaging in homoconjugation reactions with the 
parent acid if favorable and so perturbing the Kf equilibrium. These homoconjugates 
([A ⋯ HA]−) may have reduction potentials different than the parent acid; along those lines of 
logic homoconjugation has been suggested to produce multiple catalytic reduction waves for 
hydrogen evolving catalysts.
16
 Artero and co-workers have suggested that complications arising 
from homoconjugation can be successfully accounted for theoretically on an acid-by-acid basis.
16
 
Preferably, acids should be chosen with small, or preferably nonexistent, 
homoconjugation properties. For example, 2-nitrophenol has very weak (or nonexistent) 
homoconjugation tendencies because the ortho-positioned nitro group stabilizes the neutral, 
undissociated phenol proton by intramolecular hydrogen bonding preferentially over hydrogen 
bonding with dissociated 2-nitrophenoxide.
18,19
 However, as detailed below, 2-nitrophenol is 
unsuitable for hydrogen evolution catalysis because of its very positive reduction potential. 
Cationic acids, which form neutral conjugate bases, may also be expected to form 
homoconjugated complexes more weakly, as cationic and especially neutral species are generally 
more easily solvated by acetonitrile than anionic species. 
If acids that homoconjugate must be used, the complications arising from 
homoconjugation can be reduced by using 1:1 mixtures of acid and the conjugate base.
20
 Under 
the condition of pseudo-first order catalysis (no meaningful change in substrate concentration 
near the electrode) the amount of A
–
 produced by deprotonation of HA will drive the equilibrium 
of equation 3 to the right, increasing the contribution of homoconjugation over the timescale of 
the experiment. By using 1:1 mixtures of acid and conjugate base, the amount of A
–
 produced 
12 
 
 
during catalysis will not meaningful change the concentration of A
–
 already present. Hence, the 
extent of homoconjugation will be approximately the same throughout the measurement, rather 
than increasing in importance in the case where no conjugate base is initially present. 
If acids that do not homoconjugate appreciably must be used, then using 50/50 mixtures 
of acid/conjugate base to reduce changes on the experimental timescale and/or using the 
theoretical methods developed by Artero et al. to correctly account for homoconjugation should 
be used.
16
 
Electrode and Solvent Fouling 
While it is established that glassy carbon (GC) electrodes readily adsorb solvent 
impurities and become easily fouled by analytes,
13,21
 this fact is rarely discussed in the non-
aqueous electrochemical hydrogen evolution community. Figure 1.2 graphically demonstrates 
that even using an electrode only twice without polishing yielded inconsistent CVs. Most 
dramatic was the case of pyridinium, which appeared to form an insulating film after one 
reductive scan. This has precedent: reduction of quaternary pyridiniums in water resulted in film 
deposition on glassy carbon
22
 and quaternary pyridiniums were also reported to adsorb readily 
onto platinum electrodes, forming an insulating layer.
23
 Additionally, preliminary studies in our 
group, using a variety of homogeneous catalysts for hydrogen evolution, have yielded 
irreproducible CVs when the same working electrode was used for multiple scans without 
polishing, strongly suggesting that the electrode surface can be noticeably altered scan to scan. 
Surface modification can even involve deposition of heterogeneous particles which can 
independently evolve hydrogen.
24
 As shown in Figure 1.6, using only freshly prepared electrode 
surfaces resulted in reproducible scans. Accordingly, reiterated here, glassy carbon working 
electrodes – whether used for acid reduction or catalytic studies – should be polished between 
every scan. Even with only freshly polished electrodes the possibility exists that fouling 
occurring during a single scan will influence the recorded voltammogram. 
13 
 
 
 
Figure 1.6 Cyclic voltammograms of 25 mM pyridinium chloride in 100 mM [Bu4N][PF6] 
acetonitrile solution at 100 mV/s showing reproducibility if only freshly polished working 
electrodes are used. Here, two working electrodes, w.e. 1 and w.e. 2, were used. 
Apart from electrode fouling, the bulk solvent composition itself can change. While little 
information is available on the interactions of common acids with acetonitrile, 
trifluoromethanesulfonic acid reacts with acetonitrile, forming a multitude of products.
25
 At 
higher ratios of trifluoromethanesulfonic acid to acetonitrile (14:1 and 2:1), over ten species were 
formed. At lower ratios (1:200), only acetamide was seen. It should be noted that for the 1:200 
experiment the mixture of acetonitrile and trifluoromethanesulfonic acid were boiled in CD2Cl2 
prior to spectral acquisition. We independently confirmed that trifluoromethanesulfonic acid 
reacts with acetonitrile at room temperature by 
1
H NMR. 
These unknown degradation products could interact with a catalyst in unanticipated ways 
– including degrading the catalyst. It is crucial that acids be checked for possible direct 
interactions with the solvent and catalyst prior to reduction. Of the acids studied here, only 
trifluoromethanesulfonic acid is known to interact with acetonitrile and it is anticipated that the 
weaker acids, incapable of protonating acetonitrile, will be relatively unreactive. 
Reduction Potentials 
The reduction potentials of 20 acids at 25 mM and 100 mV/s in 0.1 M [Bu4N][PF6] 
acetonitrile solutions are reported in Table 1.1 (additional cyclic voltammograms at 1000 mV/s 
are included in the SI). No reduction was observed for water. For no acid was the reduction 
observed to be reversible, unlike the reversible or quasi-reversible nature of acid reduction seen 
14 
 
 
on platinum electrodes.
10,26
 It should be noted that the reported values may show a small 
dependence on electrolyte identity; fortunately most acetonitrile electrochemistry is carried out 
with 0.1 M [Bu4N][PF6]. 
Due to the lack of reversibility, no thermodynamically precise reduction values could be 
assigned.
27
 However, it was still desirable to report reduction potential for the acids studied for 
comparative purposes. Reduction values were obtained by finding the maximum of the 
derivative of the forward scan – the inflection point, Einf.. A similar method was proposed as a 
way to estimate the mid-wave potential for catalytic CVs,
16
 although it should be noted that the 
theory used in that work is not translatable to the strictly irreversible processes seen here.  
Alternative methods were considered, including a) taking the potential at maximum peak current, 
b) the potential at half peak current, and c) defining a threshold current density as the ‘onset’ 
potential. Peaks were not always observed, especially at higher scan rates where depletion of the 
acid did not occur quickly enough to result in a peak in the potential window studied. The loss of 
peak shape at higher scan rates is clearly illustrated for acetic acid which was measured up to 
9000 mV/s. Methods a and b were consequently not chosen, and method c, setting a threshold 
current density, is inherently arbitrary.
16
 The Einf. method was chosen here for practicality. It 
should also be noted that while taking the derivative of a reversible cyclic voltammogram is 
equivalent to a differential pulse voltammogram of the same system, this is not the case for an 
irreversible process. For an irreversible process equilibrium is not maintained during the 
forward/backward potential steps of differential pulse voltammetry, resulting in a different 
current response. 
Using pKa values either taken from the literature or determined in the present study, Einf. 
values for each acid were plotted against the appropriate pKa (Figure 1.7). Figure 1.7 also 
includes a gray region which indicates where it is thermodynamically impossible to reduce an 
acid to hydrogen and its conjugate base. This boundary of this zone was calculated using 
equation 7:
8
 
𝐸HA
0 = 𝐸𝐻+/𝐻2
0 − (2.303𝑅𝑇/𝐹) ∙ p𝐾a(HA)           (7) 
Where –0.028 V (vs. Fc/Fc+) was used as the value of 𝐸𝐻+/𝐻2
0 .
16
 See reference 
16
 for a recent 
discussion of 𝐸𝐻+/𝐻2
0  values. 
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Figure 1.7 Plot of Einf. values versus the respective pKa for each acid studied. The gray region is 
an estimation of the zone in which the applied potential is thermodynamically insufficient to 
reduce acids to hydrogen (2HA + 2e− ⇌ H2 + 2A
−). See text for details. 
A linear trend is observed between Einf. values for each acid and the respective pKa 
(Figure 1.7), with weaker acids having more negative Einf. values. This is consistent with linear 
trends seen in DMSO
6,28
 and with gas phase measurements,
29
 supporting the thermodynamic 
suggestion that weaker acids require more driving force to yield hydrogen (see discussion 
above). 4-nitroanilinium lies relatively close to the thermodynamic boundary as compared to the 
main group of acids, and 2-nitrophenol occurs within the zone where hydrogen evolution should 
be thermodynamically prohibited. Deviation from the linearity of reduction potential versus pKa 
has been observed for nitro- and cyano-substituted methylanthracenes, derivatives in which the 
possibility of resonance interactions between the nitro/cyano group and the aromatic system were 
cited as possible explanation.
28
 Similar resonance interactions likely apply here, possibly 
encouraging direct reduction to radical species which would have different thermodynamic 
requirements. Alternative reduction pathways involving formation of radical species are 
suggested to account for the deviation from linearity of some of the anilinium compounds (see 
discussion above). 
The potential at which it is thermodynamically possible to reduce an acidic proton with 
known pKa was estimated using equation 7 with –0.028 V as the value for 𝐸𝐻+/𝐻2
0 .
16
 The 
usefulness of equation 7 has been questioned
16
 as it does not account for multiple phenomena, 
including homoconjugation, which significantly affects most acids in acetonitrile at the 
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concentrations usually employed. Consequently, the thermodynamic region depicted in Figure 
1.7 is oversimplified, as these values should be acid and concentration dependent. The 
thermodynamics of acid reduction to hydrogen continues to be discussed
16,20,30
 and further 
comment here is not the intended goal of this work. 
The Einf. values in Table 1.1 do not accurately convey the amount of background current 
passed at potentials prior to Einf., especially for acids which exhibited prewaves (Figure 1.3, see 
Table 1.1). Prewaves can be explained by adsorption of the reduced product where the 
adsorption free energy reduces the energy – and so applied potential – needed for reduction.31 To 
more accurately capture the presence of background current like prewaves, an alternative method 
of presenting the background current passed between the minimum thermodynamic potential 𝐸𝐻𝐴
0  
and Einf. is shown in Figure 1.8. Here, the current has been background subtracted and 
normalized relative to the current passed at Einf.. A color gradient was subsequently mapped onto 
the normalized current versus potential values. 
 
Figure 1.8 Background subtracted cyclic voltammogram of 25 mM 4-cyanoanilinium at 100 
mV/s, normalized to the current measured at Einf.. The color scale was mapped onto the 
normalized current values, where white indicates no current being passed above the background 
current and dark blue indicates the level of current passed at the inflection point. 
The color scale in Figure 1.8 of 4-cyanoanilinium reflects what the Einf. value does not: 
the presence of a prewave prior to the main reduction event. Using this method, a mapped 
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gradient color scale was generated for each acid studied (Figure 1.9) and acids were categorized 
into three categories: a) eight recommended acids that showed reproducible backgrounds, b) 
eight acids with erratic backgrounds, and c) four acids we suggest as unsuitable for 
electrochemical hydrogen evolution studies in acetonitrile. 
 
Figure 1.9 Acid potential windows in acetonitrile (25 mM acid, 100 mV/s) showing the range 
between an approximate thermodynamic potential 𝐸𝐻𝐴
0  (where proton reduction to hydrogen is 
thermodynamically possible) and the direct reduction potential Einf.. The color scale was 
constructed by choosing a representative CV with an Einf. close to the average Einf. value and 
normalizing between 0 (background current without acid, white) and 1 (current at Einf., dark 
blue). Data more positive than the thermodynamic reduction potential 𝐸𝐻𝐴
0  (based on equation 7) 
was then removed. Prewaves and significant current prior to Einf. are visible for some acids. 
Unsuitable acids: 1) The Einf. value of 2-nitrophenol was more positive than the 𝐸𝐻𝐴
0  for 2-
nitrophenol, 2) pyridinium upon reduction was observed to passivate the electrode, which may 
occur accidently during catalysis without strictly avoiding any direct reduction, 3) 4-
nitroanilinium has a very limited potential range and so was judged unsuitable, 4) 
trifluoromethanesulfonic acid can react directly with acetonitrile; see main text. 
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Figure 1.9 captures the presence of prewaves or other significant non-background current 
being passed prior to the Einf. value, and so highlights the fact that certain acids (e.g., p-
toluenesulfonic acid) pass some current above background over most of the potential range while 
other acids (e.g., pyridinium) pass relatively little current prior to the main reduction wave. It is 
hoped that Figure 11 can be used to rapidly choose candidate acids such that a) the acid can be 
thermodynamically reduced to hydrogen at the relevant redox potential of a given catalyst and b) 
that direct electrode acid reduction is avoided. 
Conclusion 
The electroreduction of 20 acids plus water on glassy carbon in acetonitrile was 
investigated. Figure 1.9 presents the approximate potential windows in which acids may be used 
for catalytic hydrogen evolution while a) avoiding direct reduction and b) allowing for the 
thermodynamic possibility of reduction to hydrogen. Figure 1.9 additionally includes our 
recommendations for which acids to use, which acids give problematic backgrounds, and which 
acids are generally unsuitable for hydrogen evolution catalysis in acetonitrile. We reiterate that 
accurately determining the thermodynamic potential is more complex
16,20,30
 than what was 
considered here. 
Although the proper acid selection should minimize interference, backgrounds of 
respective acid reduction at the correct concentration and scan rate should always be provided 
alongside catalytic cyclic voltammograms. This work is not intended to replace independent 
acid-only measurements; especially as only one concentration and scan rate were thoroughly 
investigated for each acid here. While alternative electrodes were not tested, it has been noted 
that mercury coated gold electrodes can shift direct acid reduction potentials more negative, 
providing a larger working potential window.
8
 The importance of polishing the working 
electrode before every measurement, while perhaps assumed by most researchers, is also 
underscored. The addition of 100 mM water was not found to clearly shift the reduction potential 
at GC of any acid studied, although current enhancement was observed for some acids when 
water was added. 
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Introduction 
The pursuit of sunlight-to-fuels technologies has motivated researchers to explore 
electrocatalysts for the production of chemical fuels like hydrogen.
1–3
 These efforts have spanned 
both homogeneous and heterogeneous systems. Molecular electrocatalysts are particularly 
attractive targets of study because their electronic structure can be readily tuned through ligand 
modification,
4
 their secondary coordination sphere can be modified to promote substrate 
stabilization or provide a substrate relay,
5
 and mechanistic and kinetic information can be 
gleaned through electrochemical
6
 or spectroscopic methods.
1,7
 Through these studies, clear 
correlations have been made between molecular structure and catalytic activity.  
While molecular catalysts offer an ideal platform with which to study the hydrogen 
evolution reaction, their stability under electrocatalytic conditions must be carefully assessed. 
What begins as a molecular complex may degrade to a new active or inactive molecular or 
heterogeneous species.
8,9
 If, during electrocatalysis, a molecular species degrades or otherwise 
transforms into a heterogeneous species, the resulting product may adsorb to the electrode. 
Provided that the adsorption is strong, rinsing the electrode and analyzing its electrochemical 
response in a solution containing only substrate can reveal whether a heterogeneous active 
species has deposited on the electrode.
10,11
 Characterization of the electrode surface by various 
surface techniques can aid in the identification of the heterogeneous active species. These 
methods have already been successfully employed to identify the transformation of a nickel 
bis(benzenedithiolate) complex into a Ni-S film active for electrochemical hydrogen evolution.
10
 
Several cobalt complexes have been found to degrade into electrode-adsorbed cobalt 
nanoparticles also active for hydrogen evolution.
12–15
 Very recently, decomposition of a nickel 
bisglyoximato complex to nickel-based nanoparticles was also reported.
16
 An alternative 
diagnostic for heterogeneous electrochemical catalysis is the appearance of irreversible prewaves 
prior to the onset of the electrocatalytic wave in cyclic voltammetry (CV). In several careful 
recent studies
10,13–16
 these prewaves have been proposed to represent the modification of the 
precatalyst by electrons and substrate (e.g., protons), which, in reported cases, initiates 
degradation of the molecular species into a catalytically active heterogeneous species. 
Although these examples illustrate methods capable of distinguishing between 
homogeneous and heterogeneous active species, the structural factors that favor modification and 
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even decomposition of molecular species under electrocatalytic conditions are not well 
understood. Even more poorly understood are the pathways by which degradation occurs. 
Improved understanding of catalyst decomposition mechanisms will aid in the rational design of 
next generation catalysts with enhanced stability. Here we examine the electrochemical 
decomposition mechanism of the molecular nickel species [Ni(N-N-SCH3)2](BF4)2 (N-N-SCH3 = 
2-pyridyl-N-(2’-methylthiophenyl)methyleneimine) to form an electrode adsorbed film catalytic 
for hydrogen evolution and characterize the active material through surface analysis techniques. 
Our results highlight structural features that are vulnerable under electrocatalytic conditions. 
Results and Discussion 
 
 
Figure 2.1 
[Ni(N-N-SCH3)2](BF4)2 (1, Figure 2.1) was synthesized analogous to literature 
methods.
17
  The structural motifs of 1 are similar to the reported hydrogen evolution catalyst 
[Ni(pyS)3]
–
 (pyS = pyridine-2-thiolate) and related complexes.
18,19
  We initially hypothesized 
that the loosely coordinated pendant pyridines may act as temporary proton docking sites, 
capable of positioning protons near the nickel center and promoting H2 production, as invoked 
for the [Ni(pyS)3]
–
 system and for a number of nickel bis(diphosphine) complexes that 
incorporate pendant bases.
5,20,21
  In agreement with previous electrochemical investigation,  two 
reversible reductions, assigned to the Ni
II
/Ni
I
 and Ni
I
/Ni
0
 couples, are observed via CV for 1 in 
CH3CN (𝐸1/2 = −1.03 V and 𝐸1/2 = −1.25 V vs Fc
+
/Fc, respectively; Figure 2.2).
22
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Figure 2.2 Cyclic voltammograms of 0.2 mM 1 in 100 mM [Bu4N][PF6] acetonitrile at varying 
scan rates of 50, 100, 500, 1000, and 2000 mV/s.  Both waves exhibit a linear trend with respect 
to the square root of the scan rate.  The first redox event appears highly reversible, while the 
second redox event appears quasi-reversible, possibly due to slow ligand reorganization upon 
oxidation. 
Peak currents varied linearly with scan rate (𝑣1/2), as anticipated for a diffusion 
controlled process, indicating 1 is a homogeneous species.
23
  Additionally, a final irreversible 
reduction is observed (𝐸 = −2.0 V) with twice the intensity and peak integration of the NiII/NiI 
reduction.  The wave is likely the direct reduction of the [N-N-SCH3] ligands, as suggested by 
voltammograms of the ligand alone (Figure 2.3).  
 
Figure 2.3 Cyclic voltammograms of 1.7 mM 1, and 3.4 mM 2-pyridyl-N-(2’-
methylthiophenyl)methyleneimine ([N-N-SCH3]) solutions.  The coordinated ligand reduction is 
25 
 
 
positively shifted from the free ligand reduction, but the relative current densities are similar.  
All voltammograms were recorded at 100 mV/s in 100 mM mM [Bu4N][PF6] acetonitrile. 
Addition of CF3COOH (p𝐾a
MeCN = 12.6524) yields a new, irreversible reduction with Ep,c 
=  −0.98 V (Figure 2.4), followed by a second, larger irreversible wave with an onset near 
−1.10 V, suggesting electrocatalytic proton reduction.  Direct reduction of CF3COOH occurs at 
more negative potentials.
25
 
 
Figure 2.4 Top: Voltammograms of 0.39 mM 1 with additions of 0 to 20 eq. (7.8 mM) of 
CF3COOH at 100 mV/s in a 100 mM [Bu4N][PF6] CH3CN solution. Bottom: The peak current of 
the prewave relative to the one-electron reduction of the catalyst in the absence of acid (𝐢𝐩   = 
peak current, 𝐢𝐩
𝟎 = peak current of Ni
II
/Ni
I
 reduction in absence of acid). 
Upon further acid titration, the prewave peak asymptotically approaches an upper limit 
that corresponds to the exchange of two electrons per molecule of 1 (Figure 2.4). Peak height 
analysis (Figure 2.4) and prewave current integration (Figures 2.5, Table 2.1), relative to the 
Ni
II
/Ni
I
 reduction of 1 in the absence of acid, both support a two electron exchange.  
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Figure 2.5.  Cyclic voltammograms of a solution of 0.196 mM 1 with 2.6 mM CF3COOH and a 
solution of 0.392 mM 2-pyridyl-N-(2’-methylthiophenyl)methyleneimine ([N-N-SCH3]) with 5.2 
mM CF3COOH.  The ligand only solution is twice the concentration of the precatalyst solution, 
as the precatalyst has two ligands per nickel.  In the absence of acid (Figure 2.3), peak 
integration found that the stoichiometric ratio of prewave : ligand hydrogenation as 1:2, 
indicating 1 electron per ligand.  In the presence of acid, the two electron ligand reduction 
transforms into a four electron ligand hydrogenation (2 electrons/ligand).  All voltammograms 
were recorded at 100 mV/s in 100 mM mM [Bu4N][PF6] acetonitrile. 
Table 2.1 Peak integrations of the prewave of 1, ligand reduction, and direct ligand 
hydrogenation relative to the Ni
II
/Ni
I
 reduction.  As noted in Figure  and Figure 2.5, the 
concentration of ligand for direct ligand reduction and hydrogenation peak integration was twice 
that of the concentration of 1, as required of the complex being ligated by two ligands. 
 Ni
II
/Ni
I
 Direct Ligand Reduction Direct Ligand Hydrogenation Prewave 
# e
-
 passed 1.00 1.92 4.08 2.99* 
*The prewave integration is a combination of the two electron ligand hydrogenation and a single 
electron Ni
II
/Ni
I
 reduction. 
The observed prewave is very similar to a feature observed for CH3CN solutions of a 
cobalt clathrochelate complex and perchloric acid, where a limiting six electron stoichiometry 
was observed.
15
 A net six electron, six proton ligand hydrogenation of the three glyoxime ligands 
was proposed for the cobalt clathrochelate compound.
15
 Likewise, a net four electron, four 
proton ligand hydrogenation was similarly suggested for the related cobalt and nickel 
bisglyoximato compounds.
13,16
 Similar to these glyoxime ligands, the N-N-SCH3 ligands of 1 
contain a C=N bond. We thus postulate that the prewave feature observed corresponds to 
hydrogenation of this imine functionality. 
To support assignment of the prewave as ligand hydrogenation,  a hydrogenated analogue 
(2, Figure 2.1) was synthesized per literature methods.
22
  In contrast to the meridional geometry 
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of 1, the ligands of 2 conform to a facial arrangement. In the absence of acid, a reversible 
reduction corresponding to the Ni
II/I
 redox couple of 2 is observed (𝐸1/2 = −1.14 V vs Fc
+
/Fc), 
and, in contrast to 1, an irreversible wave, attributed to the Ni
I/0
 couple, is seen (𝐸𝑝,𝑐 = −1.42 V 
vs Fc
+
/Fc) (Figure 2.6).  As anticipated, no prewave is observed upon the addition of acid, yet 
catalytic waves similar to those observed in analogous scans of 1 appear (Figure 2.7). The 
catalytic waves of 2 pass more current than the respective scans of 1, likely the result of proton 
depletion near the electrode surface from the ligand hydrogenation of 1.  The lack of a prewave 
for 2, yet an otherwise similar electrochemical response to 1, provides further evidence that the 
prewave corresponds to an electrochemical hydrogenation of the C=N bonds of 1. UV-vis studies 
of both 1 and 2 reveal no chemical changes to either complex upon acid titration in the absence 
of reductant other than reversible protonation of the sp
3
 hybridized nitrogens in 2.  
 
Figure 2.6 Cyclic voltammograms of 0.20 mM 1 and 2 without acid at 100 mV/s and with 0.1 M 
[Bu4N][PF6].  The Ni
II
/Ni
I
 reduction of 1 is reversible (dotted trace) and the Ni
I
/Ni
0
 reduction is 
quasi reversible. The Ni
II
/Ni
I
 reduction of 2 is reversible (dotted trace); however the Ni
I
/Ni
0
 
reduction is irreversible. 
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Figure 2.7 Acid titrations of 0.5, 4, and 10 eq. of [CF3COOH] into equimolar solutions of 1 and 
2 (0.39 mM).  The black traces are the respective acid-free voltammograms.  Voltammograms 
recorded at 100 mV/s in 100 mM [Bu4N][PF6] CH3CN solution. 
As the prewave feature seen in the CV of 1 indicates a chemical transformation is 
initiated under electrocatalytic conditions, the catalytic responses of both 1 and 2 were 
investigated.  For 1, the second, large wave increases linearly with acid concentration up to 100 
eq. (Figure 2.8), as anticipated for a catalytic response.
26
  
 
Figure 2.8 Cyclic voltammograms of a solution of 1 (0.096 mM) with acid additions of 6.8, 
13.6, 27.3, and 54.5 eq. of CF3COOH. All voltammograms were recorded at 100 mV/s in 100 
mM [Bu4N][PF6] acetonitrile solution.  Inset:  The dashed linear line was fit to the peak 
intensities of the catalytic wave for acid titrations up to 55 equivalents. 
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To evaluate the possibility that a catalytically active, surface-adsorbed heterogeneous 
species is formed during the cathodic sweep of 1 in the presence of acid, a rinse test
10,11
 was 
conducted.  Using a freshly polished electrode in a solution of 1 and acid (0.20 mM 1, 13.6 eq. 
CF3COOH), the potential was scanned from –0.70 V to –1.80 V vs. Fc
+
/Fc.  The electrode was 
then removed from the solution, rinsed with CH3CN, and scanned over the same range in a fresh 
acid-only solution, generating a voltammogram exhibiting a similar catalytic wave to that 
observed in the first scan, but with the absence of the prewave (Figure 2.9).  Of note, no catalytic 
wave is observed in the acid-only solution if the electrode was not initially scanned beyond the 
prewave feature (Figure 2.10).   
 
Figure 2.9 In the acidic solution of 1 (0.20 mM 1, 13.6 eq. CF3COOH), produced a 
voltammogram with both a prewave and catalytic current (red trace).  When the electrode was 
removed, rinsed, and placed in an acid-only solution of equal concentration, no prewave was 
observed in the resulting voltammogram (dashed blue trace).  The positive shift reflects the time 
dependence of the film generation. The black trace is of the untreated electrode background. 
Voltammograms recorded at 100 mV/s in 100 mM [Bu4N][PF6]  CH3CN solutions. 
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Figure 2.10 A) Cyclic voltammogram of a solution of 1 and acid and catalyst.  B) Over varying 
potential ranges, individual electrodes were treated in solutions of the acid and catalyst.  Once 
treated for 180 seconds, each was rinsed with acetonitrile before being submerged in an acid-
only solution of equal concentration.   C) At a single potential beyond the prewave (–1.16 V), 
varying treatment times were applied to different electrodes.  Each was then scanned in an acid-
only solution.  All cyclic voltammograms were recorded at 100 mV/s in 100 mM [Bu4N][PF6] 
acetonitrile solution. 
To evaluate deposition conditions more closely, potential steps of varying magnitude were 
applied to a series of freshly polished electrodes in an acidic solution of 1 before the ‘treated’ 
electrodes were thoroughly rinsed with CH3CN and submerged in fresh, acid-only solutions.  
When stepped to potentials prior to the pre-wave in the acidic 1 solution, the treated electrodes 
produced voltammograms indistinguishable from the acid-only background.  When stepped to 
potentials more negative than that of the pre-wave, voltammograms of the treated electrodes in 
the acid-only solution produced catalytic waves similar to that observed in the acidic 1 solution.  
Increasing the time of the potential step correlates with a positive shift of the catalytic wave 
onset potentials for the electrodeposited film in the acid-only solution, yet did not affect the 
current observed.  
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Similar to the behavior of  electrodes in solutions of 1 and acid, increasing the 
concentration of acid in the acid-only solution with a treated electrode results in linearly 
increasing catalytic waves up to similar acid eq., (Figure 2.11), further confirming that an active, 
surface adsorbed species is formed upon electrolysis.  At higher acid concentrations, the peak 
current begins to level out, likely limited by the turnover rate of the active material (Figure 2.8 
and 2.11).  
 
Figure 2.11 An electrode treated for 480 s in an acidic solution of 0.19 mM 1 produced these 
voltammograms in an acid-only solution with subsequent acid titrations.  All voltammograms 
were produced at 100 mV/s in 100 mM [Bu4N][PF6] acetonitrile solution.  Inset:  The dashed 
linear fit line was produced using the peak intensities of the catalytic wave for acid titrations up 
to 80 equivalents. 
A similar rinse test was performed using a solution of 2, in which an electroactive, 
surface adsorbed species forms (Figure 2.12).  In this case, only scans to potentials beyond the 
Ni
I/0
 reduction potential (–1.65 V) produce catalytic responses in acid-only solutions. However, 
the electroactive material formed from 2 also deposits in the absence of acid;  polarizing the 
electrode at –1.65 V in an acid-free solution of 2 is sufficient to generate a catalytic film, 
suggesting the acid is essential for hydrogenation of 1, but electrodeposition of hydrogenated 1 
or 2 does not require additional protons.  Further investigation of deposition conditions were 
pursued, as detailed below (Figure 2.13). 
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Figure 2.12 In the acidic solution of 2 (0.39 mM 2, 13.6 eq. CF3COOH), the purple trace was 
recorded.  A separate electrode was treated for 480 s at –1.2 V in this solution, rinsed, and placed 
in an acid-only solution of equal concentration, yielding the dashed blue trace.  The positive shift 
reflects the time dependence of the film generation. The black trace is of the untreated electrode 
background. Voltammograms recorded at 100 mV/s in 100 mM [Bu4N][PF6]  acetonitrile 
solutions. 
33 
 
 
 
Figure 2.13 Chronoamperograms of both glassy carbon and platinum under a variety of 
conditions.  Single glassy carbon and platinum electrodes were held at potentials beyond the 
prewave in acid-only solutions (orange and yellow).  The yellow line decreases linearly as the 
bulk concentration of protons in solution was changed.  Single glassy carbon and platinum 
electrodes were held at potentials prior to the prewave in a solution of 0.19 mM (1) and 2.6 mM 
[CF3COOH] for 480 s (pink and red).  The glassy carbon electrode under these conditions 
produced a chronoamperogram indistinguishable from that of the acid-only glassy carbon 
chronoamperogram.  The platinum electrode under these conditions produced a decaying plot, 
corresponding to the depletion of protons to the electrode.  Finally, glassy carbon and platinum 
electrodes were held at potentials beyond the prewave in the same catalyst and acid solution as 
before for 480 s (blue and green), which leveled out to the same current density. 
Chronoamperograms of rapidly stirring acidic solutions of 1 employing either a glassy 
carbon or platinum electrode result in constant current responses when the applied potential is 
more positive than the prewave.  At more negative potentials, the current at a glassy carbon 
electrode increases over time, asymptotically approaching an upper limit.  By contrast, a 
platinum working electrode under identical conditions exhibited the opposite trend; the current 
decreased over time, asymptotically approaching a lower limit.  After correcting the current 
densities to reflect the relative surface areas, the two limiting current values were 
indistinguishable.  For both electrodes the generation of active material occurs after an induction 
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period, suggesting heterogeneous catalysis formation from homogeneous molecular catalysts.
7
 
The current plateaus as the percent ‘untreated’ surface area diminishes as the electrodeposited 
film forms.  
Observation that an identical limiting current is reached for both electrodes during the 
chronoamperometry measurement indicates that an active material is deposited onto the 
electrode surfaces. For glassy carbon, this electrodeposited material is a ‘better’ proton reduction 
catalyst than the unmodified electrode.
8
  For the case of platinum, an already efficient proton-
reduction catalyst, depositing the active material obscures the more active electrode material.  
To determine if the electrocatalytic response observed for heterogeneous material 
produced by 1 resulted in production of hydrogen, a glassy carbon electrode was treated in an 
acidic solution of 1 for 480 s (at –1.74 V), rinsed, and dried.  This treated electrode was then 
subjected to a controlled potential electrolysis in a 26.1 mM CF3COOH CH3CN solution (0.25 M 
[Bu4N][PF6]).  Gas chromatography of the headspace confirmed the production of hydrogen 
with a Faradaic efficiency of 97% (Figure B.4). 
The composition of the active material was evaluated by scanning electron microscopy 
(SEM), transition electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). 
Large area samples were prepared by electrolyzing solutions of 1 and 2 in the presence of 
CF3COOH with 1 x 1 x 0.1 cm glassy carbon plates. For comparison, a bare glassy carbon plate 
as well as dropcast samples of 1, 2, and [Bu4N][PF6] on gold plated silicon wafers were also 
analyzed by XPS.  
SEM of glassy carbon plates electrolyzed with 1 or 2 for 480s revealed surface films 
approximately 40 nm thick (Figures 2.14-2.15).  By SEM, no differences between electrolyzed 
samples of 1 and 2 were observed. 
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Figure 2.14 Images of glassy carbon plates electrolyzed in 0.19 mM 1 and 13.6 eq. CF3COOH 
for 480s at –1.75 V. TEM images obtained by scraping the film off a treated glassy carbon plate, 
suspending the material in EtOH, and drop casting on TEM grids.  (A) SEM cross-section profile 
of the deposited film.  (B) A top-down view of the film. (C) TEM micrograph showing 
nanoparticles (dark areas). (D) High resolution TEM of single nanoparticles. 
 
Figure 2.15 Images of glassy carbon plates electrolyzed in 0.19 mM 2 and 13.6 eq. CF3COOH 
for 480s at –1.75 V. TEM images obtained by scraping the film off a treated glassy carbon plate, 
suspending the material in EtOH, and drop casting on TEM grids.  (A) SEM cross-section profile 
of the deposited film.  (B) A top-down view of the film. (C) TEM micrograph showing 
nanoparticles (dark areas). (D) High resolution TEM of a single nanoparticle, revealing a 
crystalline structure. 
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TEM analysis of film material scraped off the glassy carbon plates revealed that these 
films contained nanoparticles (Figures 2.14–2.15). Metal nanoparticle deposition from 
homogeneous precatalysts has previously been observed for cobalt and nickel compounds.
13,15,16
  
Energy-dispersive X-ray spectroscopy (EDS) of the TEM samples confirmed the presence of 
nickel, sulfur, and oxygen with atomic ratios of Ni:S of 18.2:1 and 14.2:1 for plates treated with 
1 and 2, respectively, and atomic ratios of Ni:O of 6.4:1 and 7.6:1. The excess of nickel relative 
to sulfur and oxygen suggests that the nanoparticles produced are primarily nickel-based. 
The Ni 2p XPS peak structure is complex, especially for nickel in oxidation states other 
than Ni
0
. The characteristic doublet is often accompanied by satellite peaks due to different final 
state effects with varying intensities and spacings from the main doublet peaks.
27–30
 For dropcast 
samples of 1 and 2, the XPS spectra reflect the atomic ratios and binding energies consistent with 
the molecular species; however, XPS analysis of the electrolyzed samples reveal starkly different 
atomic ratios and binding energies from the molecular species (Table 2.2).  The differences of 
the Ni:S:N atomic ratios observed for dropcast samples of 1 (1:1.48:2.93) vs. electrolyzed 1 
(1:0.11:0.05) indicates that a transformation is undergone by the molecular species as the active 
film is generated. The high resolution Ni 2p spectrum of electrolyzed 1 reveals a narrow 
diagnostic peak at 852.7 eV, corresponding to the Ni 2p3/2 peak of Ni
0
,
27
 and a peak at 856.0 eV, 
indicating the presence of a second Ni species (Figure 2.16). While the Ni 2p peak at 856.0 eV 
possibly represents Ni-O interactions,
10
 the XPS data do not permit absolute assignment. By 
contrast, the high resolution Ni 2p spectra of dropcast 1 and 2 do not show any evidence of Ni
0
. 
The spectrum of electrolyzed 2 is qualitatively indistinguishable from that of 1, supporting the 
notion that 1 and 2 decompose into the same Ni-containing products during electrolysis. 
Table 2.2 Theoretical vs. experimental XPS elemental analysis.  All atomic ratio percentages are 
normalized to the percentage of Ni 2p in respective samples. 
Peak Theoretical 1 Dropcast 1 Electrolyzed 1 Theoretical 2 Dropcast 2 Electrolyzed 2 
Ni 2p 1.00 1.00 1.00 1.00 1.00 1.00 
N 1s 4.00 2.93 0.05 4.00 5.21 0.18 
S 2p 2.00 1.48 0.11 2.00 2.22 0.12 
The elemental ratios found by TEM-EDS and XPS analysis were dissimilar, with the 
ratios of Ni:S and Ni:O smaller in the XPS elemental analysis than those in the TEM-EDS 
analysis (Figure 2.14–2.15). Despite these differences, both forms of analysis show an excess of 
nickel relative to sulfur and oxygen. One possible explanation for the differences in Ni:S and 
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Ni:O ratios lies in sample treatment: XPS sampled the deposited material still attached to the 
substrate, while TEM-EDS analysis involved scrapping the deposit off the substrate followed by 
dispersion by ultrasonication prior to deposition onto a TEM grid. This dispersion may have 
separated an amorphous overcoat layer (suggested from the SEM and TEM images) from 
encompassed nanoparticles. Additionally, while XPS probed a thin surface layer over a large 
area, TEM-EDS analyzed a smaller portion in bulk. We hypothesize that XPS largely analyzed 
the amorphous film which appears to surround the nanoparticles while the deeper penetrating 
TEM-EDS preferentially sampled the bulk composition of the nanoparticles. 
 
Figure 2.16 High resolution XPS spectra of the Ni 2p region.  (A) Dropcast 1 onto gold plated 
silica wafer. (B) Electrolyzed 1 on a glassy carbon plate from a 0.38 mM 1 and 13.6 eq. 
CF3COOH solution.  (C) Dropcast 2 onto gold plated silica wafer. (D) Electrolyzed 2 on a glassy 
carbon plate from a 0.38 mM 2 and 13.6 eq. CF3COOH solution.  Electrolyzed solutions 
contained 0.1 M [Bu4N][PF6] and were held at –1.66 V vs. Fc
+/
Fc for 480s. 
The presence of elemental nickel in the heterogeneous film is further supported by CV. 
For electrodes treated with 1 and 2 under identical conditions used for the rinse test, an 
irreversible, anodic nickel stripping wave is observed between –0.10 V and –0.60 V (Figure 
2.17). Scanning through this region degrades the catalytic activity of the heterogeneous film, as 
evidenced by a cathodic shift of the catalytic wave for sequential scans over the stripping wave 
(Figure 2.18).  The catalytic ability is preserved for repeated scans in an acid-only solution 
provided that the potential is never scanned positive of –0.50 V. 
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Figure 2.17 Stripping waves produced by single voltammograms of solutions of 0.19 mM 1, 2, 
or Ni(ClO4)2 and CF3COOH (13.6 eq.). Voltammograms were recorded at 100 mV/s in 100 mM 
[Bu4N][PF6] acetonitrile solution. 
 
Figure 2.18 A treated electrode was generated from 0.19 mM 1 and 2.5 mM trifluoroacetic acid, 
rinsed, and transferred to an equimolar acid only solution where it was then evaluated using one 
of two conditions. Condition (A):  the acid only solution was stirred between scans and the 
scanned potential window is limited to potentials negative of the nickel stripping wave.  When 
(A) is satisfied, little difference in the voltammograms is observed on repeated scans.  Condition 
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(B):  the acid only solution was stirred between scans, but the switching potential positive of the 
nickel stripping wave (–0.65 V vs. Fc+/Fc).  When (B) is met, catalytic current decreases and the 
onset shifts negatively upon successive scans.  All voltammograms recorded at 100 mV/s in 100 
mM [Bu4N][PF6] acetonitrile solution. 
Surface analysis and voltammetry measurements both suggest the presence of more than 
one nickel species on the electrode surface, including Ni
0
. To determine if Ni
0
 was the only 
catalytically active species in the film, or if another nickel species contributed to the catalytic 
response currents, electrochemical acid titration experiments were performed with solutions of 
Ni(ClO4)2 ∙ 6H2O (Figure 2.19).  A catalytic wave is observed with an onset potential more 
negative than produced from either solution of 1 or 2.  The difference observed between the 
catalytic wave onset potentials of 1, 2 and Ni(ClO4)2 ∙ 6H2O further support the surface analysis 
identification of two Ni species in electrolyzed samples of 1 and 2 and indicate that more than 
one nickel species contributes the catalytic activity of the film. 
 
Figure 2.19 Voltammograms of acid titrations of [CF3COOH] into 0.39 mM, solutions of (1), 
(2), or Ni(ClO4)2.  Catalysis is apparent in all three situations.  No prewave is observed for 2 or 
Ni(ClO4)2.  The onset potential of catalysis from solutions of Ni(ClO4)2 is more negative than 
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that of either 1 or 2.  All scans were taken at 100 mV/s in 100 mM [Bu4N][PF6] acetonitrile 
solution. 
As the electrodeposition of Ni
0
 continues throughout the CV for solutions of Ni(ClO4)2, curve 
crossing of the catalytic wave is observed on the reverse scan.  More catalytically active material 
is present on the return trace, so higher hydrogen evolution rates may occur. 
Taken together, the electrochemical data and surface analyses help elucidate the pathway 
by which the active, surface adsorbed species is deposited. The lack of a prewave for 2 strongly 
supports assignment of the prewave observed for solutions of 1 in the presence of acid as C=N 
hydrogenation. The limiting two electron stoichiometry of this prewave suggests a net two 
electron, two proton, C=N hydrogenation of a single ligand of 1. Since reduction and 
hydrogenation of the free ligand in the presence of acid (Figure 2.3 and 2.5) occurs at potentials 
much more negative than the prewave, this suggests that ligand hydrogenation in 1 occurs via an 
intramolecular pathway mediated by electrochemically generated Ni
I
, analogous to the 
mechanism proposed for ligand hydrogenation in the cobalt clathrochelate complex.
15
 As noted 
previously, the Ni
I/0
 redox couple of 1 is quasi-reversible while by contrast the Ni
I/0
 redox couple 
of 2 is irreversible (Figure 2.6).  After two one-electron reductions of 2, 2
2-
 decomposes.  We 
hypothesize that after the first metal-mediated ligand C=N hydrogenation of 1, the species 
generated (1*) is electronically more similar to 2, and upon two sequential reductions, 1*
2–
 
decomposes to form multiple electrode-adsorbed active species as identified by electrochemical 
and XPS analysis. 
Surface analysis by XPS, SEM, and TEM support this decomposition pathway by 
identifying similarities between the decomposition products of 1 and 2, in which both nickel-
containing nanoparticles and an additional Ni species are present. 
Conclusions 
This work joins only a few other studies describing the transformation of a precatalyst to 
an H2-evolving film and offers new insight into decomposition pathways of coordination 
complexes under electrocatalytic conditions. Further, these results, along with related studies on 
cobalt complexes,
13–15
 indicate that C=N bonds are readily hydrogenated under electrocatalytic 
conditions and that this hydrogenation is the first step towards transforming these coordination 
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complexes into heterogeneous species. Unlike prior studies where C=N bond hydrogenation is 
implicated to be responsible for electrochemical prewaves, this work provides compelling 
evidence that this assignment is correct via comparison with an all-hydrogenated molecular 
analogue. The susceptibility of C=N bonds towards hydrogenation suggests such structural 
components should be avoided in the design of molecular electrocatalysts. 
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SYNTHESIS AND ELECTROCHEMICAL CHARACTERIZATION OF  
Fe(N-N-SCH3)2(ClO4)2 ANALOGUES 
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Introduction 
 
 In the past few decades, much effort has been made to advance the field of hydrogen 
evolving electrocatalysts.
1–3
 In the broadest sense, such electrochemical systems can be classified 
under one of two categories, homogenous or heterogeneous catalysts. Such distinction, however, 
does not suit all hydrogen-evolving systems.  Some molecular complexes, homogeneous by 
design, are not stable under electrocatalytic conditions and degrade into surface-adsorbed 
films.
4,5
  In place of homogeneous activity by the molecular species, such films often contain 
nanoparticles or other heterogeneous platforms that evolve hydrogen.
6–11
 
The mechanistic evaluation of such degradation is challenging; only a few examples exist 
that thoroughly characterize such systems.
11,12
 Very recently, a collection of such metal 
complexes known to electrochemically degrade to form electrode-adsorbed heterogeneous 
materials active for hydrogen evolution was published.
12
  Among those presented are examples 
of cobalt and nickel containing species and key structural motifs of their respective ligand 
frameworks are highlighted.  One particularly unique example presented is a set of two nickel 
complexes, Ni(N-N-SCH3)2(ClO4)2 analogues, with related—but slightly modified—ligands.
11
 
One of the complexes, which contained C=N bonds, underwent partial ligand hydrogenation in 
the presence of acid before devolving to an active material.  The analogue, which contained no 
C=N bonds, degraded to similar products in the presence of acid.  The study purported that the 
presence of C=N bonds should be avoided in the design of future molecular catalysts to avoid 
potential decomposition pathways.  It did not, however, discuss the importance of the metal 
identity on the decomposition mechanism. 
Examples of iron-containing species degrading to hydrogen-evolving films have not yet 
been reported.  The synthesis and examination of such a species would offer the first example of 
a homogeneous iron complex degrading to a heterogeneous film or potential nanostructures 
active towards hydrogen evolution.  Herein we report the synthesis and electrochemical 
characterization of Fe(N-N-SCH3)2(ClO4)2, the iron analogue of the Ni(N-N-SCH3)2(BF4)2 
species.  The iron containing complex exhibits electrochemical behavior starkly dissimilar to the 
nickel species and emphasizes the importance of metal identity on such complicated 
electrocatalytic systems. 
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Results and Discussion 
 
Figure 3.1 
 Fe(N-N-SCH3)2(ClO4)2 (3, Figure 3.1) was prepared similarly to Ni(N-N-
SCH3)2(ClO4)2.
11
  N-N-SCH3 (N-N-SCH3 = 2-pyridyl-N-(2’-methylthiophenyl)methyleneimine; 
0.050 g, 0.22 mmol) was dissolved in 7 mL acetonitrile before being added dropwise to 3 mL of 
a vigorously stirred acetonitrile solution of Fe(ClO4)2 (0.047 g, 0.18 mmol).  The solution color 
immediately turned to a dark blue and was stirred for 3 h.  The solution was partitioned into 5 
mL volumes before each was layered with 15 mL Et2O.  The vials stood at room temperature for 
24 h and then at 0 
0
C for an additional 72 h.  After extensive drying under vacuum, 56 mg of 
small, dark-blue crystals were collected (Yield: 72%).  Elemental analysis calculated for 
C26H24Cl2FeN4O8S2: C 43.90, H 3.40, N 7.88, S 9.01.  Found:  C 44.76, H 3.84, N 8.41, S 8.35. 
 In the absence of protons, 3 exhibited a reversible 1 e
-
 redox event, (𝐸1/2 = −1.10 V vs 
Fc
+
/Fc); however, upon the addition of a second electron, all reversibility is lost and a new 
oxidation wave appears (𝐸𝑝,𝑐 = −1.10 V vs Fc
+
/Fc), (Figure 3.2).  At high scan rates (10+ V/s), 
the large oxidation separates into distinguishable peaks.  Quasi-reversibility is observed in the 2
nd
 
redox event and complete reversibility is seen with respect to the 1 e
- 
reversible couple, (Figure 
3.3).  In order to identify the shifting wave, a rinse test was conducted.
13,14
  A freshly polished 
electrode in a solution of 3 was scanned from -0.77 V to -1.62 V vs. Fc
+
/Fc.  The treated 
electrode was removed from solution, rinsed with CH3CN, and scanned anodically from -1.62 V 
to -0.77 V vs. Fc
+
/Fc in an electrolyte-only solution.  No current beyond the background was 
passed, suggesting the absence of a surface-adsorbed species.  Quite possibly, however, a 
surface-adsorbed material, weakly bound to the electrode surface, may have been rinsed off 
before performing the second scan in the electrolyte-only solution. The shifting peak potential 
suggests a non-molecular species and has been tentatively assigned as a Fe
0
/Fe
II
 stripping wave. 
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Figure 3.2 Voltammograms of 0.4 mM 3 at 100 mV/s in a 100 mM [Bu4N][PF6] CH3CN 
solution. 
 
Figure 3.3 At high scan rates (black trace is of 100 mV/s, blue trace is of 20 V/s), the solution of 
0.4 mM 3 exhibits variable redox behavior. At very high scan rates (i.e. 20 V/s) minor 
reversibility is observed in the second redox couple and the previously-indistinguishable 
oxidation partitions into distinct oxidations. Cyclic voltammograms recorded in a 100 mM 
[Bu4N][PF6] CH3CN solution. 
 The addition of CF3COOH (p𝐾a
MeCN = 12.6515) to 3 yields a new reduction event 
((𝐸𝑝,𝑐 = −1.10 V vs Fc
+
/Fc) as the reversibility of the first 1 e
-
 wave is lost, (Figure 3.4).  With 
further additions of CF3COOH, the prewave approaches an asymptote, similar to behavior 
observed in recent studies. 
7–11,13
  The peak intensities, relative to the 1 e
-
 reduction of 3, suggest 
that 2.5-3.0 e− are passed during the prewave event.  Integration of the peaks offers a similar 
number of electrons.  In addition to the prewave, additional reductions are observed at more 
negative potentials, as is the loss of the oxidation at −1.10 V vs Fc+/Fc. 
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Figure 3.4 Top: Voltammograms of 0.4 mM 3 with additions of 0 to 30 eq. (12 mM) of 
CF3COOH at 100 mV/s in a 100 mM [Bu4N][PF6] CH3CN solution.  Bottom:  The peak current 
of the prewave relative to the one-electron reduction of the catalyst in the absence of acid (𝐢𝐩= 
peak current, 𝐢𝐩
𝟎 = peak current of Fe
II
/Fe
I
 reduction in the absence of acid). 
 A rinse test was conducted on the acidified system to identify whether or not an adsorbed 
species had formed.
13,14
  Using a freshly polished electrode in a 0.4 mM solution of Fe(N-N-
SCH3)2(ClO4)2 and 30 eq. CF3COOH, a linear sweep voltammogram was applied from -0.8 V to 
-1.9 V vs Fc
+
/Fc before the electrode was rinsed in CH3CN and scanned in acid-only solution of 
equal concentration across the same potential window.  No increase in current was observed 
beyond the direct reduction of CF3COOH, (Figure 3.5).
16
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Figure 3.5 The acidic solution of 3 (0.4 mM 3, 30 eq. CF3COOH) produced a voltammogram 
with both a prewave and catalytic current (blue trace; black trace is of the 1 e
- 
redox couple of 3 
in the absence of acid and grey trace is the electrolyte-only background).  When the electrode 
was removed, rinsed, and placed in an acid-only solution of equal concentration, no catalysis was 
observed beyond direct acid reduction (dashed green trace).
16
  Voltammograms recorded at 100 
mV/s in 100 mM [Bu4N][PF6] CH3CN solutions.  
Conclusion 
 The Fe(N-N-SCH3)2(ClO4)2 analogue exhibits electrochemical properties dissimilar to the 
previously evaluated Ni(N-N-SCH3)2(BF4)2 complex.
11
  In the absence of acid, 3 demonstrates 
complete reversibility of the Fe
II
/Fe
I
 redox couple, much like the Ni(II) species; however, unlike 
the nickel analogue, no reversibility is observed at the Fe
I
/Fe
0
 redox event except at very fast 
scan rates (+10 V/s).  Upon the addition of CF3COOH, reversibility of the 1 e− couple is lost as a 
prewave appears, asymptotically approaching a maximum with further additions of acid.  The 
prewave of the Fe(II) species, however, does not stoichiometrically correspond to a 2 e− process, 
as was the case for the Ni(II) analogue.  Further investigation regarding the prewave, hydrogen-
evolving capacity of the system, and potential decomposition mechanism is underway.  
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ELECTROCHEMICAL INVESTIGATION OF THE Co(dmgBF2)2(CH3CN)2 HYDROGEN 
EVOLUTION USING WEAK-REGIME PROTON SOURCES 
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Introduction 
Of the multitude of molecular electrocatalysts used to study mechanism of hydrogen 
evolution, much interest has surrounded complexes containing earth-abundant transition metals.  
Platinum is currently the most effective hydrogen-evolving catalyst, offering the catalytic 
reduction of protons to H2 at low overpotentials in aqueous and non-aqueous conditions; 
however, its scarcity does not make it an economically feasible option for the large –scale 
production of such a chemical fuel.  Instead, hydrogen-evolving complexes containing upper 
transition metals such as Fe, Co, and Ni are actively pursued.  Biomimetic models of naturally 
occurring active sights are often used as structural foundations for the intelligent design of 
molecular electrocatalysts.
1,2
  Cobaloxime derivatives, complexes with structural similarities to 
vitamin B12, have garnered much attention for their versatility in hydrogen-evolving systems.
2,3
   
Cobaloximes are capable of evolving hydrogen from aqueous and non-aqueous solutions 
at relatively low overpotentials, much the same as platinum.
2,3
  Many cobaloxime derivatives 
have been synthesized and characterized, each exhibiting slightly modified structural 
characteristics.
4
  Often, researchers have modified the ligand frameworks in order to enhance the 
hydrogen-producing capacity of the system.
2
  Small changes made to the secondary coordination 
sphere of the cobaloximes may offer dramatic changes to their electrochemical and 
electrocatalytic properties, particularly with respect to their hydrogen-evolving mechanisms.
5,6
 
Much effort has been made to study the primary operational mechanism of such 
cobaloximes.
7–9
  Extensive spectroscopic and electrochemical characterization in non-aqueous 
media has attempted to elucidate the hydrogen evolving reaction; however, surprisingly little 
information exists regarding how the proton source affects the operational mechanism.  The 
mechanism of hydrogen production mediated by Co(dmgBF2)2(CH3CN)2 was proposed almost a 
decade ago. In this report, the authors thoroughly studied the catalytic reduction of TsOH∙H2O 
and HBF4∙Et2O, acids, both of which lie in the strongly-acidic regime of electrocatalysis.
7
  
Catalyst decomposition was evidenced by negatively shifting catalytic waves and a non-linear 
increase in current when exposed to excess acid. Using weakly acidic proton sources, however, 
little-to-no decomposition of the redox-active species was observed.  Instead of shifting, peak-
like catalytic waves, plateaued curves were observed, much like those expected for idealized S-
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shaped catalytic waves.
10
  The catalytic reduction of CF3COOH was only briefly pursued, 
warranting the evaluation of other weak-regime proton sources.
8
  Herein we evaluate the 
interaction of Co(dmgBF2)2(CH3CN)2 with a host of acids across 6 pKa units and offer a unique 
perspective on how acid-identity may affect the operating mechanism for hydrogen-evolving 
catalysts. 
Results and Discussion 
Co(dmgBF2)2(H2O)2, 4, was prepared according to literature.
11
  In the absence of protons, 
a reversible redox event is observed at -0.91 V vs Fc
+
/Fc for a solution of 0.5 mM 4, consistent 
with the literature assignment of the Co
II/I
 couple.
7,8
  Addition of CF3COOH (p𝐾a
MeCN =
12.6512) to the solution afforded catalytic waves that increased linearly with subsequent 
additions of acid at potentials slightly positive of the reversible redox event.  At low CF3COOH 
concentrations, the catalytic waves appeared peak-like, consistent with an electrocatalytic 
process that occurs fast enough to be controlled, at least partially, by diffusion of substrate 
(CF3COOH) to the electrode.
10
  Additionally, a weak oxidation is observed at more positive 
potentials than the Co
I/II
 oxidation.  At higher concentrations, the shape of the wave is more 
plateau-like and closer to the idealized S-shaped curve associated with a purely kinetics-limited 
process.
10
  Across all CF3COOH concentrations, the reversible couple of Co
II/I
 was not apparent. 
Rate Analysis 
 Peak height analysis of the catalytic reduction of CF3COOH offered rate constants that 
were consistent with those previously reported.
8
  In order to obtain the overall catalytic rate 
constant, a series of acid titrations were made to a 0.5 mM 4 CH3CN solution.  The current 
maximum of the respective catalytic wave, 𝐢𝐜, linearly corresponds to the concentration of 
protons in solution, (Figure 4.1).  The slope of 𝐢𝐜 vs. [Acid]
1
2 affords information about the 
overall rate constant by 
     𝐢𝐜 = 𝑛𝐹𝑆𝐶𝑝
0(𝐷𝑘𝐶𝑠
0)1/2 
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where 𝑛 is the number of electrons being passed (2 e-); 𝐹 is Faraday’s constant (96485 C mol-1); 
𝑆 is the surface area of the electrode (0.0708 cm2 – averaged surface area of sixteen 3 mm 
diameter glassy carbon electrodes); 𝐶𝑝
0 is the concentration of the redox active species (M); 𝐷 is 
the diffusion of the catalyst to the electrode (0.8 x 10
-5
 cm
2
 s
-1
); 𝑘 is the observed rate constant 
(M
-1
 s
-1
); and finally, 𝐶𝑠
0 is the bulk concentration of substrate (protons) in solution (M).
10
  For 
CF3COOH additions, an overall catalytic rate constant was determined to be 1.26 ∗ 102 M
-1 
s
-1
. 
  
Figure 4.1  Left:  Voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 with CF3COOH additions 
as noted at 100 mV/s in 250 mM [Bu4N][PF6] CH3CN.  Right:  Catalytic peak height (adjusted 
such that 0 current is being passed when no acid has been added) vs. acid concentration.  The 
slope of the line was used to determine the rate constant 𝑘. 
 Identical experiments were performed using acids spanning a range in excess of 6 
p𝐾a
MeCN unis, including: CF3COOH (p𝐾a
MeCN = 12.6512), CCl3COOH (p𝐾a
MeCN = 10.7512), 
monohydrate of toluenesulfonic acid (tosic acid, TsOH∙H2O; p𝐾a
MeCN = 8.613), 4-
methoxyanilinium BF4 (p𝐾a
MeCN = 11.8614), 4-tert-butylanilinium BF4 (p𝐾a
MeCN = 11.115), 
anilinium BF4 (p𝐾a
MeCN = 10.6214), 4-chloroanilinium BF4 (p𝐾a
MeCN = 9.715), 4-
trifluoromethoxyanilinium BF4 ( p𝐾a
MeCN = 9.28), 4-trifluoromethylanilinium BF4 (p𝐾a
MeCN =
8.0314), 3-nitroanilinium BF4 (p𝐾a
MeCN = 7.6314), 4-cyanoanilinium BF4 (p𝐾a
MeCN = 716), and 
4-nitroanilinium (p𝐾a
MeCN = 6.2214). 
Comparing overall rate constants to the respective acid p𝐾a
MeCN, clear trends appear.  For 
anilinium and its derivatives, a logarithmic increase in catalytic rates was observed with 
decreasing p𝐾a
MeCN values between p𝐾a
MeCN = 12 and p𝐾a
MeCN = 9.  At lower p𝐾a
MeCN values 
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(p𝐾a
MeCN < 8) (Figure 4.2), the observed rate constant plateaus at ca. 7700 M-1 s-1.  A 
logarithmic relationship between pKa and rate constant was also observed for CF3COOH and 
CCl3COOH; however, these strongly homoconjugating acids (log(𝐾𝑓) > 2.5) exhibited catalytic 
rate constants almost two orders of magnitude greater than the aniliniums of similar p𝐾a
MeCN′s.  
Tosic acid does not appear to fit the strongly-homoconjugating acid trend; instead, it affords a 
catalytic rate constant consistent with those from the linear portion of the anilinium derivatives.  
A summary of catalytic rates has been provided (Table 4.1). 
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Figure 4.2 Left: the peak height rates (𝑘) for anilinium and anilinium derivatives increases 
logarithmically with respect to acid p𝐾a
MeCN values (green).  At lower p𝐾a
MeCN values, no large 
change in rate constants is obvious with decreasing p𝐾a
MeCN (blue).  All values were extrapolated 
from voltammograms in which acid was titrated into solutions of 0.5 mM 4 at 100 mV/s in 250 
mM [Bu4N][PF6] CH3CN.  Right: cyclic voltammograms of 0.5 mM 4 at 100 mV/s in 250 mM 
[Bu4N][PF6] CH3CN in the presence of 1.0 mM of the respective anilinium derivatives (green 
and blue).  Anilinium identity: 1) 4-methoxyanilinium, 2) 4-tert-butylanilinium, 3) anilinium, 4) 
4-chloroanilinium, 5) 4-trifluoromethoxyanilinium, 6) 4-trifluoroanilinium, 7) 3-nitroanilinium, 
8) 4-cyanoanilinium, 9) 4-nitroanilinium.  Rate constants for 4-nitroanilinium varied across 
multiple experiments and is likely the result of the nitro- group undergoing an alternative 
chemical process and degrading in solution. 
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Table 4.1 Summary of pertinent acid information and rates for use with Co(dmgBF2)2(CH3CN)2.  
Proton Source 𝐩𝑲𝐚
𝐌𝐞𝐂𝐍 𝐥𝐨𝐠(𝑲𝒇) 𝒌 (M
-1
 s
-1
) 𝒌𝑭𝑶𝑻𝑾 (M
-1
 s
-1
) 
Trifluoroacetic 12.65 3.9 1.26x10
2
 1.48x10
5 
Trichloroacetic 10.75 2.5 1.22x10
4
 1.71x10
6 
Tosic Acid Monohydrate 8.6 3.0 3.99x10
3 
- 
4-methoxyanilnium 11.86 - 3.90x10
1
 8.78x10
4
 
4-tert-butylanilinium 11.1 - 1.73x10
2
 1.66x10
5
 
Anilinium 10.62 0.6 3.52x10
2
 2.07x10
6
 
4-chloroanilinium 9.7 - 2.02x10
3
 5.39x10
6
 
4-trifluoromethoxyanilinium 9.28 - 3.89x10
3
 - 
4-trifluoromethylanilinium 8.03 - 8.99x10
3
 - 
3-nitroanilinium 7.63 - 5.63x10
3
 - 
4-cyanoanilinium 7 - 1.00x10
4
 - 
4-nitroanilinium 6.22 - 6.28x10
3
 - 
 
In addition to the catalytic rate constant, the shapes of the cyclic voltammograms also 
appeared to depend on p𝐾a
MeCN.  In the linear p𝐾a
MeCN dependence region, the onset of the 
catalytic wave appears to shift positively with decreasing p𝐾a
MeCN.  Additionally, with 
decreasing p𝐾a
MeCN, the weak oxidation disappears. No other changes appear in the catalytic 
wave.  For the plateaued p𝐾a
MeCN dependence region, a catalytic wave distinguishes itself from 
the reversible Co
II/I
 redox couple, (Figure 4.2).  Such fundamental changes in the shapes of the 
cyclic voltammograms, as well as the different zones of catalytic rate versus p𝐾a
MeCN, strongly 
support a change in mechanism. 
To supplement the rate constants derived from 𝑖𝑐, foot-of-the-wave analysis (FOWA) 
was applied to each set of voltammograms to yield information regarding the rate of the first step 
in the catalytic reaction.  Foot-of-the-wave, a recently outlined technique, is an analytical method 
that extracts idealized rate information from the first 5 – 10% of the catalytic wave.10,17  In this 
region, little-to-no side processes (catalyst degradation, substrate consumption or other 
phenomena) have occurred.  Applying the technique as outlined by Dempsey et al., a set of rate 
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constants will be determined across the collection of acids, (Table 4.1).
10
  For some, the 
technique is highly applicable; however, not all acidified systems allow for application of 
FOWA.  For example, the shifting catalytic wave for anilinium and 4-chloroanilinium, as well as 
the sluggish response of the wave, may render FOTW analysis ineffective for these acids. 
A New Oxidation 
Submolar additions of CF3COOH were titrated into a 0.5 mM solution of 4.  In addition 
to the appearance of the catalytic wave and simultaneous loss of reversibility, a new oxidation 
was observed at higher scan rates (𝐸𝑝,𝑐 = −0.64 V vs Fc
+
/Fc at 300 mV/s).  The oxidation peak 
potential shifted positively with increasing scan rate and varied with acid identity, (Figure 4.3, 
Figure 4.4).   
 
Figure 4.3 Voltammograms of 0.5 mM 4 and 1.0 mM CF3COOH at varying scan rates in 100 
mM [Bu4N][PF6]. 
For the anilinium derivatives, known to be weakly homoconjugating acids, a p𝐾a
MeCN 
correlation was observed.  The stronger the conjugate base of the acid, the more negatively 
shifted the oxidation, consistent with a proton-coupled electron transfer process.  If a Co
III
-H or 
ligand tautomer has formed, upon oxidation it will lose a proton to available conjugate base.  
When CF3COOH is used as the proton source, the oxidation appears at far more positive 
potentials, (Figure 4.4).  Although CF3COO
- 
is the strongest conjugate base (of the acids 
selected), its large homoconjugation constant suggests that a majority of the base is tied up in a 
homoconjugated species (A2H
-
) and remains unavailable for the oxidation of the metal complex. 
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Base titrations into a solution of poorly-homoconjugating acid supports this claim.  To a 
solution of 0.5 mM 4 and 1.0 mM 4-chloroanilinium was titrated the conjugate aniline.  With the 
addition of base, the oxidation potentials shifted more negatively for all scan rates, (Figure 4.5). 
 
Figure 4.4 The black trace is the anodic scan of the cyclic voltammogram of 0.5 mM 4, which 
encapsulates the reversible Co(II/I) redox process.  Each datapoint of a particular color 
corresponds to the oxidative peak location in the presence of 1.0 mM acid (as noted) at 150, 200, 
300, 400, 500, 600, and 700 mV/s scan rates in a 100 mM [Bu4N][PF6] CH3CN solution. 
 
Figure 4.5 The black trace is the 1 e
-
 oxidation of 0.5 mM 4.  Each datapoint of a particular color 
corresponds to the peak location of the cobalt hydride tautomer oxidation in the presence of 1.0 
mM 4-chloroanilinium and titrated base (as noted) at 150, 200, 300, 400, 500, 600, and 700 mV/s 
scan rates in a 100 mM [Bu4N][PF6] CH3CN solution. 
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Conclusions 
 Information pertinent to the mechanistic investigation of hydrogen-evolution by 
Co(dmgBF2)2(CH3CN)2 was pursued using electrochemical techniques.  A variety of acids were 
selected in the weak-acid regime and used to evaluate the rates of hydrogen formation.  Initial 
results suggest that distinguishable mechanisms occur under different p𝐾a
MeCN regimes.  
Homoconjugating acids appeared to exhibit higher catalytic rates than lesser-homoconjugating 
anilninium derivatives of similar p𝐾a
MeCN.  In addition to traditional peak height analysis, foot-
of-the-wave analysis, a technique never before applied to this system, will be used to extract rate 
constants for the first step of the mechanism.  Additionally observed, at higher scan rates for 
solutions of catalyst and submolar amounts of acid, was an oxidation not previously reported.  
The oxidation is dependent on the strength and concentration of conjugate base and is tentatively 
assigned as a proton-coupled electron transfer process.  One possible explanation is the oxidation 
of a Co
III
-H or Co
I
 ligand-protonated tautomer to the initial redox-active species.  Further 
investigation of the oxidation wave and mechanistic evaluation is underway. 
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General Considerations 
Acetonitrile (Fisher Scientific, HPLC grade, >99.9%) and diethyl ether (Fisher Scientific, 
>99%) were degassed with argon and dried using a Pure Process Technology solvent system. 
Aniline (Sigma-Aldrich), 4-chloroaniline (Aldrich, 98%), 4-tert-butylaniline (Sigma-Aldrich, 
99%), 4-nitroaniline (Sigma-Aldrich, 99%), 4-methoxyaniline (Alfa-Aesar, 99%), 4-
bromoaniline (Acros Organics, 96%), N,N-dimethylaniline (Sigma-Aldrich, 99%), 
tetrafluoroboric acid diethyl ether complex (Aldrich), benzoic acid (Aldrich, 99%), silver nitrate 
(Aldrich, 99+%), phenol (Sigma-Aldrich, ≥99%), pyridinium chloride (Alfa Aesar, 98%), p-
toluenesulfonic acid (Sigma-Aldrich, ≥98.5%), trichloroacetic acid (TCI America, >99%), 
triethylammonium chloride (Aldrich, 98%), trifluoromethanesulfonic acid (Acros Organics, 
99%), 2-nitrophenol (Alfa Aesar, 98%), 3-nitroaniline (TCI, >98%), methyl orange (Aldrich), 
water for polishing (Fisher Scientific, HPLC grade) and 200 proof ethanol (Decon Labs, Inc.) 
were used as received. Salicylic acid (Aldrich) was recrystallized from boiling distilled tap 
water, filtered, washed with cold water, and dried under vacuum at 85-90 °C for 14 hours. 
Tetrabutylammonium hexafluorophosphate (TCI, >98%) was recrystallized from hot ethanol, 
filtered, washed with cold ethanol, and dried at room temperature under vacuum for 19 hours. 
Dimethylformamidium triflate was prepared as reported.
1
 Acetic acid (Fisher Scientific, 99.9%) 
and triethylamine (Acros, 99%) were dried over activated 3 Å molecular sieves and degassed 
with three freeze-pump-thaw cycles. The triethylamine was further dried by passage through 
activated alumina and by storage over activated 3 Å molecular sieves. Trifluoroacetic acid 
(Sigma-Aldrich, 99%) and water (from a Milli-Q system) were degassed with three freeze-pump-
thaw cycles. CD3CN (Cambridge Isotopes Laboratories, Inc., 99.8%) was degassed with three 
freeze-pump-thaw cycles, passed through activated alumina to remove water, and stored over 
activated 3 Å molecular sieves. Elemental analysis was performed by Atlantic Microlabs, Inc. 
NMR spectra were recorded on a Bruker 400 MHz spectrometer and referenced to proteo solvent 
impurities.
2
 UV-vis spectra were recorded in a nitrogen filled glovebox using fiber optic cables 
connected to an Agilent Cary 60 UV-vis spectrophotometer. 
Syntheses 
Syntheses were performed in a nitrogen filled glovebox. While syntheses of some of the 
aniliniums reported here have been reported previously,
3,4
 these reports lacked some details as 
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well as NMR and elemental analyses to confirm purity. The general procedure was as follows: 
To a rapidly stirring 5 mL solution of diethyl ether containing 1.0 g of the respective substituted 
aniline (3 g in the case of aniline itself) was added 0.95 molar equivalent of tetrafluoroboric acid 
diethyl ether complex (Sigma-Aldrich) in a dropwise manner, resulting in the precipitation of the 
tetrafluoroborate salt (note: this reaction is exothermic and easily boils the diethyl ether). The 
diethyl ether was removed under vacuum, and the precipitate was washed with two 5 mL 
portions of diethyl ether. The solid was then dissolved in approximately 3 mL of acetonitrile and 
reprecipitated by pouring into diethyl ether, followed by decanting the solution and drying the 
remaining solids under vacuum for approximately one hour. One recrystallization was sufficient 
except in the case of 4-nitroanilinium, where two recrystallizations were performed to remove a 
bright yellow impurity. The same synthetic procedure was followed for the preparation of 
triethylammonium tetrafluoroborate (1.0 g initial Et3N). Anilinium: Yield 1.47 g, 27%. 
1
H NMR 
(CD3CN, ppm): 7.42-7.53 (multiple peaks, 5H, C6H5-), 8.14 (s, 3H, -NH3). Anal. Calcd. for X = 
H: C, 39.83; H, 4.46; N, 7.74. Found: C, 40.08; H, 4.50; N, 7.83. 4-chloroanilinium: Yield 0.68 
g, 42%.
 1
H NMR (CD3CN, ppm): 7.41-7.54 (multiple peaks, 4H, -C6H4-), 8.17 (s, 3H, -NH3). 
Anal. Calcd. for X = Cl: C, 33.46; H, 3.28; N, 6.50. Found: C, 33.63; H, 3.25; N, 6.55. 4-tert-
butylanilinium: Yield 0.30 g, 20%.
 1
H NMR (CD3CN, ppm): 7.33-7.56 (multiple peaks, 4H, -
C6H4-), 8.05 (s, 3H, -NH3), 1.32 (s, 9H, -C(CH3)3). Anal. Calcd. for X = C(CH3)3: C, 50.67; H, 
6.80; N, 5.91. Found: C, 50.44; H, 6.67; N, 5.82. 4-nitroanilinium: Yield 0.35 g, 23%.
 1
H NMR 
(CD3CN, ppm): 7.57-8.34 (multiple peaks, 4H, -C6H4-), 8.28 (s, 3H, -NH3). Anal. Calcd. for X = 
Cl: C, 31.90; H, 3.12; N, 12.40. Found: C, 32.07; H, 3.15; N, 12.32. 4-methoxyanilinium: Yield 
1.06 g, 65%.
 1
H NMR (CD3CN, ppm): 7.05-7.31 (multiple peaks, 4H, -C6H4-), 8.01 (s, 3H, -
NH3), 3.79 (s, 3H, OCH3). Anal. Calcd. for X = OMe: C, 39.85; H, 4.78; N, 6.64. Found: C, 
40.03; H, 4.71; N, 6.66. 4-bromoanilinium: Yield 0.69 g, 48%.
 1
H NMR (CD3CN, ppm): 7.35-
7.69 (multiple peaks, 4H, -C6H4-), 8.16 (s, 3H, -NH3). Anal. Calcd. for X = Br: C, 27.73; H, 
2.72; N, 5.39. Found: C, 27.89; H, 2.71; N, 5.37. 4-cyanoanilinium: Yield 0.37 g, 22%.
 1
H 
NMR (CD3CN, ppm): 7.59-7.89 (multiple peaks, 4H, -C6H4-), 8.37 (s, 3H, -NH3). Anal. Calcd. 
for X = CN: C, 40.82; H, 3.43; N, 13.60. Found: C, 40.65; H, 3.51; N, 13.48. N,N-
dimethylanilinium, Yield 1.10 g, 67%.
 1
H NMR (CD3CN, ppm): 7.41-7.58 (m, 4H, -C6H4-), 
8.87 (m, 1H, -NHMe2), 3.24 (s, 6H, -NH(CH3)2). Anal. Calcd. for X = H: C, 45.98; H, 5.79; N, 
6.70. Found: C, 45.69; H, 5.82; N, 6.73. Triethylammonium tetrafluoroborate, Yield 1.49 g, 
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80%.
 1
H NMR (CD3CN, ppm): 6.99 (broad s., 1H, (CH3CH2)3NH
+
), 3.13 (q, 6H, 
(CH3CH2)3NH
+
), 1.24 (t, 9H, (CH3CH2)3NH
+
) Anal. Calcd. for X = H: C, 38.13; H, 8.53; N, 
7.41. Found: C, 38.33; H, 8.58; N, 7.26. Full 
1
H NMR spectra and peak assignments are given in 
the SI. 
Electrochemical Methods 
Electrochemistry was performed in a nitrogen filled glovebox with either a Pine 
Instruments WaveNow or WaveDriver potentiostat using glassy carbon working electrodes, a 
platinum counter electrode, and a silver wire pseudoreference. The WaveNow potentiostat was 
pumped into the glovebox and connected to an external computer via a custom USB feedthrough 
while the WaveDriver potentiostat was kept external to the glovebox and the electrode leads 
were connected with a custom shielded electrode cable feedthrough.  All scans were absolutely 
referenced to ferrocene added at the end of each measurement set. Glassy carbon electrodes [CH 
Instruments, 3 mm diameter (used for the majority of experiments); and eDAQ electrodes, 1 mm 
diameter and a BASi electrode, 3 mm diameter, were used for electrode comparison experiments 
with benzoic acid] were polished with 0.3 micron alumina powder and 0.05 micron alumina 
powder (CH Instruments, contained no agglomerating agents) Milli-Q water slurries, rinsed and 
ultrasonicated for one minute in HPLC grade water to remove residual polishing powder. The 
pseudoreference silver wire electrode was submerged in a glass tube fitted with a porous glass 
Vycor tip containing 0.1 M [Bu4N][PF6] in acetonitrile. 
Each working electrode was pretreated with three cyclical scans from approximately 0.7 
V to –2.8 V (the exact value varied in accordance with the silver wire pseudoreference) at 100 
mV/s in 0.1 M [Bu4N][PF6].  For all experiments, background voltammograms at the respective 
scan rate were taken.  Following pretreatment and background scans, each electrode was rinsed 
consecutively in two vials of CH3CN and air dried.  The solution was stirred between scans. A 
potential window was initially established and refined with one working electrode to ensure that 
the reduction event was captured. For each subsequent scan, the working electrode was replaced 
with a fresh, pretreated working electrode and the voltammogram measured. In the water 
dependence experiments, acid was added to yield a concentration of 25 mM, and the potential 
window of interest was determined with one working electrode.  An additional scan was then 
taken with a fresh working electrode, using the established potential range, for comparison to the 
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water scan. Subsequently, water was added to yield a concentration of 100 mM water and a 
voltammogram recorded with a third working electrode. 
The solution resistance setup was estimated as detailed in the supporting information and 
used to correct for the ohmic drop for quantitative analyses (e.g., data in Tables 1 and 2, and 
Figures 5, 9, 10, 11). Without this ohmic drop correction the worst case error in reduction 
potentials was estimated to be approximately 30 mV. 
Spectrophotometric Titrations 
The pKas of 4-chloroanilinium and 4-tert-butylanilinium were determined by literature 
methods in a nitrogen filled glovebox using dry acetonitrile (see above).
5
 Briefly, the extinction 
coefficients of colorimetric indicators 3-nitroaniline (pKa = 7.68
6
) and methyl orange (pKa = 
10.6
7
) in the protonated and deprotonated forms were determined by titration with 
tetrafluoroboric acid diethyl ether complex in acetonitrile. Titration of 3-nitroaniline with 4-
chloroanilinium and methyl orange with 4-tert-butylanilinium afforded linear plots of 
[protonated indicator]*[aniline]/[anilinium] versus [indicator] from which the slope was used to 
calculate the pKa of the respective anilinium. See Supporting Information for full details and 
spectra. 
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General Considerations 
Syntheses were performed either in a nitrogen filled glovebox or on a high-vacuum 
manifold.  Acetonitrile (Fischer Scientific, HPLC grade, >99.9%) was dried and degassed with 
argon using a Pure Process Technology solvent system.  2-aminothiophenol (Alfa Aesar, 98%), 
2-pyridinecarboxaldehyde (Alpha Aesar, 99%) nickel perchlorate hexahydrate (Sigma-Aldrich), 
nickel acetate tetrahydrate (Sigma-Aldrich, >98%), methyl iodide (Fisher Scientific), sodium 
borohydride (Aldrich, >99%) sodium tetrafluoroborate (Aldrich, 98%), 2-(methylthioaniline) 
(Acros Organics, >97%), water for polishing (Fisher Scientific, HPLC grade), magnesium sulfate 
(Sigma Aldrich, >99.5%), sodium chloride (Aldrich, >99%), diethyl ether (Fisher, >99.0%), 
ethanol (Decon Labs, Inc., 200 proof), methanol (Fisher, >99.9%), deuterated acetone 
(Cambridge Isotope Labs, Inc., >99.8%), deuterated chloroform (Cambridge Isotope Labs, Inc., 
99.8%) were all used as received.  Trifluoroacetic acid (Sigma-Aldrich, 99%) was degassed with 
three freeze-pump-thaw cycles.  Tetrabutylammonium hexafluorophosphate (TCI, >98%) was 
recrystallized from hot ethanol, filtered, washed with cold ethanol, and dried at room temperature 
under vacuum for 19 hours.  2-Pyridyl-N-(2’-thiolophenyl)methyleneimine,1 bis(2-pyridyl-N-
(2’-thiolophenyl)methylenimine)nickel(II),2  2-Pyridyl-N-(2’-methylthiophenyl)methyleneimine, 
3
 2-Pyridyl-N-(2’-methylthiophenyl)methylamine,3 and bis(2-pyridyl-N- (2’-methylthio 
phenyl)methylamine)nickel(II) perchlorate (2),
3
 were prepared by literature methods.  
NMR spectra were recorded on a Bruker 400 MHz spectrometer and referenced to proteo 
solvent impurities.
4
 Atlantic Microlabs, Inc. performed all elemental analysis.  UV-vis spectra 
were recorded in a nitrogen filled glovebox using fiber optic cables connected to an Agilent Cary 
60 UV-vis spectrophotometer.  X-ray photoelectron spectra were recorded using a Kratos Axis 
Ultra DLD X-ray Photoelectron Spectrometer.  Spectra were obtained with a monochromatic Al 
Kα X-ray source, and survey and high resolution scans were obtained with pass energies of 80 
and 20 eV, respectively. Scanning electron microscopy (SEM) was performed using a Hitachi 
S4700 FESEM and EDS obtained using Oxford INCA PentaFETx3. SEM analysis was done 
using 20 kV accelerating voltage and close to 12 mm working distance.  Transmission electron 
microscopy (TEM) was performed using a JEOL 2010F FasTEM and EDS obtained using an 
Oxford INCA Energy 250. TEM analysis was done using 200 kV accelerating voltage. TEM 
samples were prepared by scraping a small amount of electrodeposited sample from the glassy 
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carbon substrate and dispersing it in ethanol via ultrasonication. An aliquot of the sample was 
drop cast on a copper Formvar TEM grid. 
Electrochemical methods 
Electrochemistry was performed in a nitrogen filled glovebox with a Pine Instruments 
WaveDriver potentiostat using glassy carbon working electrodes, a glassy carbon counter 
electrode, and a silver wire pseudoreference.  Leads for the WaveDriver potentiostat were 
connected to an external computer via a custom feedthrough in the back of the glovebox.  All 
scans were absolutely referenced to ferrocene added at the end of each measurement set. Glassy 
carbon electrodes (CH Instruments, 3 mm diameter) were polished with 0.3 micron alumina 
powder and 0.05 micron alumina powder (CH Instruments, contained no agglomerating agents) 
Milli-Q water slurries, rinsed and ultrasonicated for one minute in HPLC water to remove 
residual polishing powder. The pseudoreference silver wire electrode was submerged in a glass 
tube fitted with a porous glass Vycor tip containing 100 mM [Bu4N][PF6] in acetonitrile.  
Each working electrode was pretreated with three cyclical scans from approximately 0.7 V 
to –2.8 V (the exact value varied with the silver wire pseudoreference) at 100 mV/s in 0.1 M 
[Bu4N][PF6]. For all experiments, background voltammograms at the respective scan rate were 
taken. The solution was stirred between scans.  For each scan, a fresh, pretreated working 
electrode was used unless otherwise noted. 
Surface analysis sample preparation 
Dropcast samples of [Bu4N][PF6], 1, 2 were all prepared on unmodified gold plated silica 
wafers provided by Chapel Hill Analytical Nanofabrication Laboratory (CHANL).   
Electrolyzed samples of 1 and 2 were prepared as follows. Glassy carbon plates (1 x 1 
cm, 1 mm thickness, ALS-Japan), were polished by a multistep process.  Each was first polished 
using 0.05 micron alumina powder (CH Instruments, contained no agglomerating agents) Milli-
Q water slurries, rinsed and ultrasonicated for one minute in HPLC water to remove residual 
polishing powder.  This process was repeated for each plate.  Finally, each plate was given a 
third polishing using a new polishing pad, followed by sonication and drying.  Electrolyzed 
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samples were produced using a compartmentalized electrochemical cell in which the counter, 
reference, and working plates were separated by porous frits.  To solutions of the respective 
complexes and acid, a potential (as noted for each sample) was applied for eight minutes under 
pseudo steady state conditions (constant stirring of the solution in the main compartment).  After 
electrolysis, samples were removed from the solutions, blotted dry, and placed under vacuum for 
30 minutes.  XPS samples were transferred to the instrument under N2 using a N2 glovebag.  
SEM samples were briefly exposed to the atmosphere while loading. 
Synthesis and characterization of 1   
Bis(2-pyridyl-N-(2’-methylthiophenyl)methylenimine)nickel(II) tetrafluoroborate (1). 
NaBF4 (0.40 g, 3.65 mmol, 6.30 equiv) was dissolved in 40 mL MeOH and combined in a 
roundbottom flask with a suspension of bis(2-pyridyl-N-(2’-
thiolophenyl)methylenimine)nickel(II) (0.280 g, 0.58 mmol, 1.00 equiv) in 20 mL MeOH. The 
solution was heated to reflux under atmosphere before MeI (1.5 mL, 24.1 mmol, 41.6 equiv) was 
injected into the refluxing solution. The solution was stirred at reflux for 1 hr. before additional 
MeI (1.5 mL, 24.1 mmol, 41.6 equiv) was injected into the refluxing solution.  The solution was 
further stirred at reflux for 30 minutes before it was removed from heat and cooled to room 
temperature.  The precipitate was filtered and rinsed with 15 mL MeOH before collecting red, 
rust colored crude product (0.28 g). Recrystallized of the crude product from hot water yielded 
small red crystals.  The recrystallization solvent was decanted and the crystals were rinsed with 
Et2O.  The crystals were further recrystallized (x3) from an acetone-water mixture (1:4) with 
dissolved NaBF4 (0.10 g, 0.912 mmol). Between recrystallizations the solvent was decanted and 
the crystals were rinsed with Et2O.  The product was then recrystallized (x2) from HPLC water. 
The repeated recrystallizations were required to remove iodine from the sample as confirmed by 
elemental analysis. Finally, the recytallization solvent was decanted and the crystals were rinsed 
with Et2O.  Red cube-like crystals were collected and dried. Yield: 0.109 g (27.25%).  Elemental 
analysis calculated for C26H24N4S2B2F8Ni, 1:  C 45.33; H 3.51; N 8.13.  Found:  C 45.17; H 3.66; 
N 8.07.   
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Ligand NMR characterization 
 
 
Figure B.1  2-Pyridyl-N-(2’-thiolophenyl)methyleneimine NMR spectrum in (CD3)2CO at 400 
MHz. 
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Figure B.2  2-Pyridyl-N-(2’-methylthiophenyl)methyleneimine NMR in CDCl3 at 400 MHz. 
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Figure B.3  2-Pyridyl-N-(2’-methylthiophenyl)methylamine NMR in CDCl3 at 400 MHz. 
Bulk electrolysis of 1 and hydrogen quantification 
Glassy carbon plates were treated in a solution of 0.09 mM 1 and 27.2 eq. CF3COOH for 
480 seconds at –1.75 V vs Fc+/Fc.  Once electrolyzed, they were rinsed in fresh acetonitrile and 
blotted dry.  Treated electrodes were stored under nitrogen until bulk electrolysis experiments.  
Treated electrodes were immersed in a solution containing 10 mM CF3COOH and the bulk 
electrolysis cell (Figure B.4) sealed before commencing electrolysis. Electrolysis was carried out 
at –1.4 V for 600 seconds before 1 mL of the gas headspace was removed using a 1.0 mL Vici 
Pressure-Lok Precision Analytical Syringe. This syringe was used to inject three separate ca. 0.3 
mL samples into a Varian 450-GC with a pulsed discharge helium ionization detector and the 
average integrated hydrogen peak area calculated. A recently recorded calibration curve made 
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from samples of 0.5, 1.0, 3.0, and 5.0 v/v % H2 in air for this specific instrument
5
 was generously 
provided for our use and used to quantify the volume fraction of hydrogen in the gas aliquot. 
Using this volume fraction and the measured volume of the headspace, the number of moles of 
hydrogen was determined. The number of moles of dissolved hydrogen in the working 
compartment solution was estimated using Henry’s Law and added to the number of moles of 
hydrogen in the headspace to yield a total amount of produced hydrogen. The Henry’s Law 
constant for hydrogen in acetonitrile was estimated to be 5700 atm from literature values for the 
mole fraction solubility of hydrogen measured at different partial pressures of hydrogen at 298 
K.
6
 Using the total amount of charge passed during electrolysis the theoretical amount of 
hydrogen produced was determined and compared with the actual amount of hydrogen produced 
to find an experimental Faradaic efficiency of approximately 97%. 
 
 
Figure B.4 Photo of three-compartment bulk electrolysis cell used to produce hydrogen for 
detection by bulk electrolysis. Cell was custom made by Allen Scientific Glass, Inc. The Pt coil 
counter electrode was purchased from BioLogic Science Instruments. 
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